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THE  GEOLOGY  OF  NORTH  DAKOTA 


A.  G.  LEONARD 
University  of  North  Dakota,  Grand  Forks 


INTRODUCTION 

The  geology  of  North  Dakota  is  comparatively  simple.  The 
geological  fonnations  are  not  as  numerous  or  of  such  great  variety 
as  in  many  states,  and  the  strata  have  undergone  but  little  deforma- 
tion since  they  were  deposited.  They  are  for  the  most  part  prac- 
tically horizontal  or  have  only  a  gentle  dip.  Metamorphism  has 
produced  little  or  no  change  in  the  rocks,  and,  except  for  the  deeply 
buried  granite  near  the  eastern  borders  of  the  state,  there  have  been 
no  intrusions  or  extrusions  of  igneous  material.  The  rocks  are 
chiefly  clays,  shales,  and  sandstones  belonging  to  the  Cretaceous 
and  Tertiary  periods,  overlain  in  most  places  by  the  drift  deposits 
of  the  Pleistocene.  The  surface  features  of  about  two-thirds  of  the 
state  are  therefore  those  of  a  gently  rolling  to  rough  drift  plain. 
The  flat  lacustrine  plain  of  the  Red  River  Valley  occupies  a  strip 
25  to  35  miles  wide  along  the  eastern  border,  while  west  and  south 
of  the  Missoiui  River  the  drift  mantle  is  too  thin  to  affect  the  topog- 
raphy to  any  great  extent.  This  large  area  beyond  the  Missoiui 
everywhere  shows  evidence  of  long-continued  erosion,  with  its 
numerous  stream  valleys,  buttes,  mesas,  and  badlands. 
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f 

THE  PRE-CAMBRIAN  GRANITE 

Many  deep  wells  in  the  Red  River  Valley  have  reached  granite, 
and  these  show  that  beneath  the  drift  and  older  formations  the 
valley  is  underlain  by  aystalline  rock  which  is  probably  of  Archean 
age,  though  like  some  of  the  Minnesota  granite  it  may  possibly  be 
Keweenawan.  The  granite  is  struck  at  depths  ranging  from  255  to 
470  feet,  and  its  surface  is  quite  imeven.  It  is  overlain  in  some 
places  by  glacial  drift,  in  others  by  Cretaceous  shale  and  sandstone, 
and  in  the  northern  portion  of  the  valley  by  Paleozoic  strata. 

In  going  from  south  to  north  in  the  valley  the  granite  has  been 
encoimtered  in  wells  at  various  depths  as  follows:  Wahpeton,  470 
feet;  Moorhead,  Minnesota,  across  the  river  from  Fargo,  365  feet; 
well  7  miles  north  of  Moorhead,  255  feet;  Casselton,  20  miles  west 
of  Fargo,  455  feet;  Grand  Forks,  385  feet;  East  Grand  Forks, 
Minnesota,  325  feet;  University,  two  miles  west  of  Grand  Forks, 
425  feet;  and  Grafton,  40  miles  north,  903  feet.  The  well  at 
Rosenfeld,  Manitoba,  14  miles  north  of  the  international  boundary 
and  II  miles  west  of  the  Red  River,  reached  the  granite  (or  gneiss) 
at  1,035  feet.^  In  the  Soldiers'  Home  well  at  Lisbon,  a  few  miles 
west  of  the  Red  River  Valley  on  the  Cheyenne  River,  the  granite 
was  struck  at  785  feet.  The  Moorhead  well,  which  was  drilled  by 
the  city  in  search  of  water  and  gas,  is  notable  on  account  of  the 
distance  it  went  in  the  granite,  the  record  being  as  follows:  220  feet 
of  alluvial  and  lacustrine  silt,  145  feet  of  bluish  and  greenish  shales, 
with  beds  of  sand,  probably  Benton,  and  1,385  feet  of  granite  and 
gneiss,  thus  reaching  a  depth  of  1,750  feet." 

THE  PALEOZOIC  SYSTEMS 

During  at  least  a  portion  of  this  era  the  Paleozoic  sea  appears 
to  have  covered  North  Dakota,  and  in  its  waters  were  deposited 
the  limestones,  shales,  and  sandstones  of  the  Cambrian,  Silurian, 
and  Devonian.  Two  or  more  of  these  systems  outcrop  not  far 
to  the  north  in  Manitoba,  to  the  east  in  Minnesota,  and  to  the  south 

'  G.  M.  Dawson,  ''On  Certain  Borings  in  Manitoba  and  the  Northwest  Territory/' 
Trans.  Royal  Soc,  Canada^  IV,  sec.  4  (1886),  85-91. 

» Warren  Upham,  U.S,  Ged.  Survey^  Mono,  No,  25;  1896,  p.  556. 
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in  the  Black  Hills,  but  they  are  in  this  state  deeply  buried  beneath 
more  recent  formations.  The  Grafton  well  passed  through,  beneath 
298  feet  of  drift  and  Lake  Agassiz  silt,  605  feet  of  Paleozoic  strata, 
including  288  feet  of  shale  and  sandstone,  which  has  been  referred 
to  the  Cambrian,  and  317  feet  of  limestone,  sandstone,  and  shale, 
which  are  believed  to  belong  to  the  Ordovician.'  In  the  deep  well 
at  Grand  Forks,  40  miles  south  of  Grafton,  only  one  foot  of  lime- 
stone was  found  just  above  the  granite,  showing  a  rapid  thinning 
of  the  formations  in  this  direction,  due  either  to  inequality  of 
deposition  or  to  erosion.  The  Ordovician  appears  to  thicken 
rapidly  toward  the  north,  for  while  at  Grafton,  as  stated  above,  it 
is  317  feet  thick,  60  miles  north  at  Rosenfeld,  Manitoba,  it  has 
increased  to  700  feet,  and  is  overlain  by  192  feet  of  Silurian  strata.* 
On  the  other  hand,  these  formations  thin  out  toward  the  west,  and 
at  Morden,  27  miles  from  Rosenfeld  and  15  miles  north  of  the  inter- 
national boundary,  the  Ordovician  and  Silurian  are  absent,  as 
shown  from  the  well  record.  The  Dakota  sandstone  at  Morden 
rests  directly  on  the  Devonian  beds.  In  the  Morden  well,  at  a 
depth  of  412  feet,  188  feet  of  Devonian  red  and  gray  shales  and  a 
thin  layer  of  porous  limestone  were  penetrated,  and  strata  of  this 
age  cover  a  narrow  strip  of  territory  lying  just  west  of  the  Silurian 
in  Manitoba.  It  is  not  unlikely  that  these  Devonian  and  Silurian 
strata  extend  south  some  distance  into  North  Dakota.  In  the 
deep  well  at  the  Jamestown  asyliun  19  feet  of  limestone  was  pene- 
trated at  the  bottom  of  the  weUs,  at  a  depth  of  1,505  feet.  The 
well  at  LaMoure,  about  40  miles  southeast  of  Jajnestown,  struck  a 
compact  gray  crystalline  limestone  with  a  pinkish  tinge  at  1,300 
feet,  and  went  28  feet  in  this  rock,  stopping  at  a  depth  of  1,328  feet. 
The  age  of  the  limestone  struck  in  these  two  wells  is  not  known, 
though  it  is  probably  to  be  referred  to  the  early  Paleozoic.  During 
the  later  Paleozoic  the  region  does  not  appear  to  have  been  an  area 
of  deposition  and  probably  remained  above  the  sea  also  throughout 
a  large  part  of  the  Mesozoic,  since  rocks  belonging  to  the  Triassic, 
Jurassic,  and  Lower  Cretaceous  or  Comanchean  are,  so  far  as 
known,  wanting  in  the  state. 

'  Ihid.^  p.  77.  '  G.  M.  Dawson,  op,  cii. 
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THE  CRETACEOUS   SYSTEM 

Dakota  sandstone. — ^The  oldest  Cretaceous  formation  in  North 
Dakota  is  the  Dakota  sandstone  which  is  reached  in  many  wells  but 
does  not  appear  at  the  surface  anywhere  in  the  state.  In  the 
southeastern  coimties,  as  well  as  in  South  Dakota  and  elsewhere, 
the  sandstone  is  the  chief  source  of  artesian  water.  It  is  a  non- 
marine  formation  and  was  deposited  either  in  a  large  lake  or  was 
spread  by  rivers  over  their  broad  flood  plains.  The  Dakota  sand- 
stone underlies  the  entire  state,  except  a  considerable  portion  of 
the  Red  River  Valley,  where  it  has  been  removed  by  erosion 
(Fig.  i). 

A  rather  fine-grained  white  sandstone,  which  is  doubtless  the 
Dakota,  is  found  in  a  nimiber  of  wells  in  the  Red  River  Valley  at 
depths  ranging  from  250  to  400  feet,  and  in  several  wells  the  sand- 
stone was  penetrated  100  feet.  In  southeastern  North  Dakota 
outside  the  valley,  the  Dakota  sandstone  is  encountered  at  depths 
varying  from  about  500  feet  near  the  western  edge  of  the  Red  River 
Valley  to  1,800  feet  and  over  not  far  west  of  the  James  River  and 
near  the  edge  of  the  Missouri  Plateau.  The  increasing  depth  of 
the  formation  is  due  both  to  the  westward  dip  of  the  Dakota  and 
the  rise  of  the  land  surface  in  that  direction.  The  depth  of  the 
sandstone  at  Enderlin  is  640  feet;  Valley  City,  about  800  feet; 
Oakes,  880  feet;  EUendale,  1,035  feet;  and  Jamestown,  1,450  feet. 
The  deep  well  at  Devils  Lake,  in  the  northeastern  part  of  the  state, 
struck  the  sandstone  at  1,431  feet,  while  at  Leeds,  30  miles  north- 
west of  Devils  Lake,  it  lies  at  a  depth  of  2,110  feet.  The  Harvey 
well,  near  the  center  of  the  state,  reached  the  Dakota  at  2,235  f^t, 
and  a  deep  boring  a  few  miles  from  Westhope,  Bottineau  County, 
entered  the  sandstone  at  about  2,100  feet.  Though  the  well  at 
Mandan  reached  a  depth  of  2,000  feet  it  failed  to  strike  the  Dakota, 
probably  by  several  hundred  feet. 

As  disclosed  by  the  wells  which  penetrate  it,  the  Dakota  forma- 
tion is  a  soft  white  or  gray  sandstone  in  beds  10  to  50  feet  thick, 
separated  by  shale.  In  the  regions  where  it  occurs  at  the  surface  the 
sandstone  has  yielded  an  abundance  of  fossil  leaves,  the  Dakota 
flora  including  no  less  than  450  species  of  trees  and  other  plants. 
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The  thickness  of  the  sandstone  varies  widely  at  different  points 
but  is  commonly  200  to  300  feet.  In  the  asylmn  well  at  Jamestown  it 
is  200  feet  thick,  and  at  Valley  City  300  feet  of  Dakota  sandstone 
were  penetrated,  while  at  Aberdeen,  South  Dakota,  the  same  thick- 
ness was  encoimtered.  In  the  eastern  part  of  the  state  the  Dakota 
sandstone  has  a  westward  dip  of  about  8  feet  per  mile. 

After  the  deposition  of  the  Dakota  sandstone,  marine  conditions 
were  brought  about  through  the  submergence  of  a  large  part  of 
North  America.  The  Gulf  of  Mexico  invaded  the  continent,  and 
finally  stretched  north  to  the  Arctic  Ocean.  All  of  North  Dakota 
was  covered  by  the  waters  of  this  great  inland  sea,  which  extended 
east  as  far  as  central  Minnesota.  In  it  were  deposited  the  muds, 
clays,  calcareous  shales,  and  sands  which  form  the  Benton,  Niobrara, 
Pierre,  and  Fox  Hills  formations. 

Benton  shale. — ^The  oldest  formation  which  outcrops  anywhere 
in  North  Dakota  is  the  Benton  shale  (Fig.  2).  It  is  exposed  only  in 
the  deep  valley  of  the  Pembina  River,  in  the  northeastern  comer 
of  the  state,  where  the  shale  outcrops  at  intervals  for  a  distance  of 
6  or  7  miles,  and  rises  130  feet  above  the  river.  It  is  also  foimd  in 
many  of  the  deep  wells  in  different  parts  of  the  state.  The  Benton 
is  a  dark  gray,  almost  black,  fissile  shale,  containing  a  considerable 
amoimt  of  carbonaceous  material.  Spiall  ferruginous  concretions 
are  abundant,  and  pyrite  and  gypsmn  are  found  in  small  quantity. 
The  shale  weathers  to  a  very  plastic  clay  and  has  been  used  in  the 
manufacture  of  brick.  One  very  marked  difference  between  the 
Benton  and  the  overlying  Niobrara  is  its  low  lime  content,  from 
I  to  2  per  cent,  while  the  Niobrara  contains  from  30  to  80  per 
cent  of  lime  carbonate  and  generally  carries  over  50  per  cent. 

The  thickness  of  the  Benton  shale  in  North  Dakota  is  not  defi- 
nitely known,  since  in  wells  it  is  seldom  distinguished  from  the 
overlying  Cretaceous  shales.  In  the  Morden,  Manitoba,  well  the 
thickness  of  the  Benton  is  given  as  105  feet,  and  the  well  at  Delo- 
raine,  just  north  of  the  Turtle  Moimtairts  in  the  same  province, 
showed  a  thickness  of  205  feet,  but  the  well  did  not  reach  the  imder- 
lying  Dakota  sandstone,  so  that  this  does  not  represent  the  entire 
thickness  of  the  formation.'    In  North  Dakota  it  probably  ranges 

» J.  B.  lyrrell,  Trans.  Royal  Soc.  Canada,  VIII,  sec.  4  (1891),  93,  98. 
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from  200  to  600  feet  or  more.  In  northeastern  South  Dakota  wells 
have  encoimtered  400  to  480  feet  of  Benton. 

While  the  Cretaceous  formations  have  been  largely  removed 
by  erosion  from  the  Red  River  Valley,  a  dark-colored  shale  overlying 
a  soft  sandstone  has  been  encoimtered  in  a  nimiber  of  wells  in 
different  parts  of  the  valley,  and  it  seems  not  improbable  that  this  is 
the  Benton  shale.  In  that  case  this  shale  imderlies  the  drift  over  a 
portion  of  the  valley. 

Niohrara  formation, — Overlying  the  Benton,  the  upper  member 
of  the  Colorado  group  is  present  in  the  wooded  escarpment  known 
as  the  Pembina  Moimtains,  which  border  the  Red  River  Valley  on 
the  west,  in  eastern  Cavalier  County.  This  escarpment  extends 
far  to  the  north  in  Canada,  and  the  formation  appears  in  the  Tiger 
Hills,  Riding  and  Duck  moimtains,  and  the  Pasquia  Hills.  In 
North  Dakota  the  Niobrara  occupies  a  narrow  belt  extending  30 
miles  south  of  the  international  boimdary,  the  outcrops  being 
found  along  the  Pembina,  Tongue,  north  fork  of  Park  River,  and 
tributaries  of  these  streams,  which  have  cut  deep  valleys  in  the 
escarpment  and  exposed  the  Niobrara  beneath  the  Pierre  shale. 
A  highly  calcareous  shale  exposed  in  the  valley  of  the  Cheyenne 
River  at  Valley  City  is  also  probably  to  be  referred  to  the  Niobrara. 
It  contains  45  per  cent  of  carbonate  of  lime,  and  lies  just  below 
the  black  and  white  bands  forming  the  base  of  the  Pierre,  as 
described  on  a  later  i>age. 

The  Niobrara  is  a  light  to  dark  gray,  moderately  hard  calcareous 
shale.  It  contains  nimierous  small  white  specks  of  lime  which  give 
it  a  finely  mottled  or  speckled  appearance,  plainly  seen  on  fresh 
fractures.  Where  the  rock  has  been  weathered  it  becomes  ahnost 
white  and  has  a  chalky  appearance;  in  fact,  in  many  localities 
outside  the  state  the  formation  is  a  nearly  pure  chalk.  Its  lime 
content,  which  is  the  most  marked  characteristic  of  the  Niobrara, 
is  due  ahnost  entirely  to  the  presence  of  minute  Foraminif era  which 
are  readily  seen  imder  the  microscope.  The  most  abimdant  forms 
are  the  two  species  so  common  in  chalk,  Globigerina  cretacea  and 
Textularia  globtdosa.  The  fact  that  these  Foraminifera  are  mingled 
with  clay  is  evidence  that  the  sea  in  which  they  lived  was  not  clear, 
but  contained  more  or  less  fine  sediment  and  the  shells  settled  to 
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the  bottom  along  with  the  clay  to  form  the  calcareous  shale  or 
chalky  marl  of  this  Cretaceous  deposit. 

The  percentage  of  lime  carbonate  in  the  different  layers  varies 
widely,  ranging  from  30  per  cent  and  less  to  7  s  per  cent.  Many  of 
the  beds  are  suitable  for  making  natural  hydraulic  cement  and  are 
used  for  this  purpose,  while  certain  layers  have  almost  or  quite 
the  composition  of  a  natural  Portland  cement  rock. 

Wherever  the  Niobrara  formation  is  exposed  in  the  Pembina 
Mountains  it  maintains  a  fairly  imiform  character  throughout  its 
thickness  of  150  feet  and  more.  By  far  the  greater  portion  of  the 
aggregate  thickness  is  formed  of  a  rather  dark  bluish-gray  speckled 
rock,  which  commonly  varies  in  lime  carbonate  content  from  55 
to  65  per  cent  in  passing  from  one  layer  to  another.  Generally 
the  more  speckled  the  rock  appears  the  higher  it  is  in  lime.  Between 
these  thicker  beds  high  in  lime  carbonate  are  others  much  thinner, 
varying  from  a  few  inches  to  a  foot  in  thickness,  which,  are  much 
lower  in  lime. 

Where  exposed  in  northeastern  North  Dakota  the  Niobrara 
strata  have  3delded  a  nimiber  of  vertebrate  and  invertebrate  fossils. 
Among  the  latter  are  Inoceramus  labialus,  specimens  of  Osirea  and 
Avicula,  besides  the  microscopic  forms  previously  mentioned.  The 
large  diving  bird^  Hesperornis^  several  species  of  fishes,  PlesiosauruSy 
and  the  vertebrae  of  a  crocodile  have  also  been  found. 

The  maximum  thickness  of  the  Niobrara  in  the  Pembina  Moim- 
tains  is  165  feet.  At  Morden,  Manitoba,  the  formation  is  160  feet, 
and  farther 'north  it  averages  from  150  to  200  feet,  but  seems  to 
thicken  toward  the  west,  for  the  well  at  Deloraine,  a  few  miles 
north  of  the  Turtle  Mountains,  shows  a  thickness  for  the  Niobrara 
of  545  feet.  The  formaticm  probably  has  a  thickness  of  at  least 
400  feet  in  southern  and  central  North  Dakota,  since  at  Valley 
City  the  combined  thickness  of  the  Benton  and  Niobrara  is  about 
900  feet.  The  artesian  wells  at  this  place  reach  the  Dakota  sand- 
stone at  a  depth  of  approximately  800  feet  below  the  bottom  of  the 
Cheyenne  Valley,  and  the  calcareous  shale,  which  outcrops  in  the 
sides  of  the  valley  and  is  believed  to  be  Niobrara,  rises  about  80 
feet  above  the  well  curbs.  The  thickness  of  the  beds  between  the 
top  of  the  Dakota  sandstone  and  the  base  of  the  Pierre  is  thus 
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about  Qcx)  feet  at  this  point,  and  the  Niobrara  probably  includes 
300  to  400  feet  of  the  section. 

Pierre  shale. — The  Pierre  shale  occupies  most  of  the  eastern 
half  of  North  Dakota  west  of  the  Red  River  Valley.  It  also  out- 
crops along  the  valley  of  the  Missouri  River  for  a  distance  of  over 
20  miles  north  of  the  South  Dakota  line,  and  is  brought  to  the 
surface  in  the  southwestern  comer  of  the  state  by  the  Cedar  Creek 
anticline,  which  lies  mostly  in  Montana.  Throughout  the  large 
eastern  area  it  is  covered  by  glacial  drift,  except  where  the  streams 
have  cut  through  this  mantle  and  exposed  the  shale  beneath.  The 
Pierre  outcrops  in  many  places  along  the  James  and  Cheyenne  rivers 
and  is  finely  exposed  along  the  South  Branch  of  Park  River  and 
other  tributaries  of  the  Red  River  in  the  region  of  the  Pembina 
Moimtains.  The  escarpment  of  the  Pembina  Moimtains  is  com- 
posed largely  of  this  shale,  which  is  well  shown  in  the  nimierous 
ravines  and  gorges,  while  in  places  the  underlying  Niobrara  is  also 
seen.  The  base  of  the  Pierre  as  found  in  this  region  is  composed  of 
black,  jointed,  carbonaceous  shales  which  contain  many  thin  layers 
of  yellow  or  white  non-plastic  clay,  which  has  much  of  the  con- 
sistency of  cheese.  The  black  and  yellow  strata  present  a  striking 
appearance  and  seem  to  be  characteristic  of  the  base  of  the  Pierre 
over  extensive  areas.  They  appear  at  frequent  intervals  for  a 
distance  of  30  miles  along  the  Pembina  Mountain  escarpment  and 
extend  at  least  250  miles  northwestward  in  Canada,  where  they 
have  been  noted  in  the  Riding  and  Duck  mountains.  They  are 
also  found  130  miles  south  of  the  Pembina  Moimtains  at  Valley 
City.  The  yellow  or  white  clay  seams  vary  in  thickness  from  i  to 
6  inches,  and  the  interstratified  black  layers  from  8  to  14  inches. 
The  uniformity  and  extent  of  some  of  the  yellow  seams  are  remark- 
able because  they  have  been  traced  continuously  for  a  distance  of 
35  miles,  and  a  single  clay  seam  2  inches  thick  for  25  miles. 

The  typical  Pierre  overlying  these  basal  beds  is  a  bluish-gray 
to  dark  gray  jointed  shale  of  remarkably  imiform  character,  which 
often  weathers  into  small  flaky  fragments.  The  rock  conmionly 
shows  yellow  spots  or  stains  of  iron  oxide.  Erosion  has  removed 
the  upper  part  of  the  formation  over  most  of  the  large  eastern 
Pierre  area,  but  the  topmost  beds,  where  exposed  in  the  southwest 
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corner  of  the  state,  contain  numerous  calcareous  concretions  varying 
in  size  from  a  few  inches  to  6  and  8  feet  in  diameter.  Many  of 
these  are  rich  in  marine  shells,  including  the  following:  ScaphUes 
nadosus  Owen  vars.  brevis  and  plenus,  Anisamyon  palelliformis  M. 
and  H.,  Inoceramus  cripsi  var.  barabina  Morton,  Avictda  lingua- 
farmis  E.  and  S.,  Ostrea  pellucida  M.  and  H.,  Chlatnys  nebrascensis 
M.  and  H.,  Yoldia  evansi  M.  and  H.,  Nucula  canceUata  M.  and  H., 
Lucina  occidentalis  Morton,  Proiocardia  subquadrcUa  E.  and  S., 
CaUista  deiveyi  M.  and  H.,  and  Nautilus  dekayi  Morton.' 

Below  the  upper  beds  of  the  Pierre,  fossils  are  found  only 
sparingly,  those  which  do  occur  being  Baculites  ovatus  Say,  ScaphUes 
nodosns  Owen,  and  Inoceramus  sagensis  Owen. 

The  position  of  the  western  boimdary  of  the  large  Pierre  area 
is  known  only  approximately,  since  the  region  is  heavily  drift- 
covered  and  there  are  practically  no  outcrops.  Not  far  west  of  the 
boundary  as  represented  on  the  map  (p.  7)  Fort  Union  lignite 
beds  are  known  to  occur,  so  that  the  Pierre  shale  is  believed  to 
disappear  beneath  the  overlying  Fort  Union  about  as  shown.  It 
will  be  noted  that  no  areas  of  Fox  Hills  or  Lance  are  represented 
on  the  map  along  most  of  the  margin  of  the  Pierre  shale.  These 
formations  are  not  known  to  imderlie  the  drift  farther  north  than 
indicated  on  the  map,  and  in  the  absence  of  information  regarding 
their  presence  in  the  central  and  northern  parts  of  the  state  they  atre 
not  mapped  in  that  region.  If  they  are  actually  absent  from  that 
area  it  would  of  course  mean  an  unconformity  between  the  Pierre 
and  the  overlying  Fort  Union. 

The  Pierre  is  the  thickest  Cretaceous  formation  in  North 
Dakota,  reaching  1,000  to  1,100  feet  or  over.  It  is  not  likely  that 
its  entire  thickness  is  represented  throughout  most  of  the  large 
eastern  area,  since  the  formation  had  imdergone  great  erosion 
before  being  covered  by  the  glacial  drift  and  hundreds  of  feet  were 
doubtless  removed  in  many  places.  The  aggregate  thickness  of  the 
Benton,  Niobrara,  and  Pierre  is  considerably  greater  in  North 
Dakota  than  in  northeastern  South  Dakota.  In  the  latter  region 
the  aggregate  thickness  of  these  formations  ranges  from  700  to  900 
feet,  but  they  become  thicker  to  the  north  and  northwest,  where 

'  Identified  by  Dr.  T.  W.  Stanton. 
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they  reach  from  1,300  to  about  2,235  f^t.  At  Jamestown  they  are 
i>33o  feet  thick,  at  Devils  Lake,  1,403  feet,  Leeds,  over  2,000  feet, 
and  at  Harvey  they  are  not  far  from  2,235  feet  thick.  The  deepest 
well  in  the  state,  at  Max,  30  miles  south  of  Minot,  has  a  depth  of 
about  2,400  feet,  but  it  passed  through  drift,  some  Fort  Union, 
and  probably  the  Lance  before  entering  the  Cretaceous  shales,  and 
it  did  not  reach  the  Dakota  sandstone.  The  Deloraine  well  not 
far  north  of  the  international  boimdary  went  through  1,800  feet  of 
shales,  including  some  Fort  Unibn  strata,  without  reaching  the 
Dakota. 

Fox  Hills  sandstone. — This  upper  member  of  the  Montana  group 
is  known  to  outcrop  in  three  separate  areas  in  North  Dakota.  The 
largest  of  these  is  along  the  Missouri  River,  where  the  formation  is 
exposed  for  over  40  miles  north  of  the  South  Dakota  line  and 
extending  5  to  10  miles  on  either  side  of  the  river.  A  narrow  belt 
of  Fox  Hills  sandstone  surrounds  the  Pierre  area  in  the  southwestern 
comer  of  the  state,  and  there  is  a  small  outcrop  near  the  center 
of  the  state.' 

The  Fox  Hills  is  particularly  well  shown  along  the  Cannonball 
River  for  a  distance  of  over  12  miles  above  its  mouth,  where  the 
sandstone  forms  vertical  cliffs  rising  from  80  to  90  feet  above  the 
river  and  is  overlain  by  banded  shale.  The  sandy  portion  of  the 
formation  is  a  yellow,  rusty  brown  or  gray,  rather  soft  sandstone. 
Cross-bedding  is  very  common,  and  the  formation  contains  great 
numbers  of  large  and  small  ferruginous  sandstone  concretions  and 
indurated  masses  and  layers,  these  also  exhibiting  cross-bedding. 
The  concretions  are  apparently  due  to  the  segregation  of  the  iron 
in  certain  portions  of  the  rock,  cementing  the  sand  into  firm,  hard 
masses,  considerably  harder  than  the  sandstone  in  which  they  are 
imbedded.  These  concretionary  masses  vary  in  size  from  an  inch 
and  less  to  6  and  8  feet.  Small,  irregular,  twisted  or  stemlike 
forms  are  abimdant  in  places.  Some  portions  of  the  rock  are  so 
completely  filled  with  these  rusty  brown  concretions  that  they 
constitute  the  main  bulk  of  the  formation,  and  the  gray,  loosely 
cemented  sandstone  forms  a  kind  of  matrix,  in  which  the  harder 
concretions  are  imbedded.    In  the  process  of  weathering  these 

'  Described  by  Dr.  T.  W.  Stanton  in  a  letter  to  the  writer. 
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more  resistant  masses  project  beyond  the  softer  rock,  and  at  the  base 
of  slopes  and  scattered  oyer  the  surface  they  are  exceedingly  abun- 
dant. Many  of  the  concretions  are  spherical  in  shape  and  of  good 
size,  and  it  is  these  which  have  given  the  name  to  the  Cannonball 
River,  since  they  occur  abundantly  along  that  stream. 

In  the  southwestern  area  in  Bowman  County  the  Fox  Hills  is 
composed  of  60  feet  of  massive  gray  sandstone,  which  weathers  to 
a  yellow  color,  and  below  this  is  25  feet  of  sandy  clay  formed  of  light 
and  dark  laminae. 

Marine  fossils  are  quite  abimdant  in  the  Fox  Hills  sandstone, 
and  the  following  are  among  those  f oimd  in  the  MissouH  River  area 
and  identified  by'Dr.  T.  W.  Stanton:  Tancredia  americana  M.  and 
H.,  Callista  deweyi  M.  and  H.,  Osirea  pellucida  M.  and  H.,  Avicula 
linguiformis  E.  and  S.,  Avicula  nehrascana  E.  and  S.,  Protocardia 
subquadraia  E.  and  S.,  TiUina  scittUa  M.  and  H.,  Mactra  warrenana 
M.  and  H.,  Scaphiiis  cheyennensis  (Owen)  and  Chemnitzia  cerUhi- 
formis  M.  and  H. 

The  Fox  Hills  in  North  Dakota  ranges  in  thickness  from  85  to 
about  200  feet,  with  an  average  of  about  150' feet. 

CRETACEOUS  OR  TERTIARY  SYSTEM 

Lance  formation.— ks  shown  on  the  geologic  map  (p.  7)  this 
formation  occupies  a  considerable  area  on  either  side  of  the  Missouri 
River  in  south-central  North  Dakota,  and  a  smaller  area  in  the 
extreme  southwestern  comer  of  the  state.  The  beds  are  well 
exposed  in  the  bluffs  of  the  Missouri,  particularly  on  the  west  side 
of  the  river  15  to  20  miles  below  Bismarck,  and  in  many  places 
along  the  Cannonball  and  Heart  rivers.  The  bluflfs  and  badlands 
of  the  Little  Missouri  in  Slope  and  Bowman  counties  also  afford 
many  excellent  outcrops. 

As  shown  by  Lloyd,^  the  Lance  formation  in  south-central  North 
Dakota  consists  of  a  lower  portion  of  shale  and  sandstone  beds  of 
continental  origin,  and  an  upper  member  of  sandstone  and  shale 
of  marine  origin  which  is  known  as  the  Cannonball  marine  member. 
Farther  west  in  Slope  and  Bowman  counties  the  upper  member  of 

*  E.  R.  Lloyd,  "The  Cannonball  River  Lignite  Field,  North  Dakota,"  27.5.  Ged. 
Sufweyy  Bull.  No,  541, 1914,  p.  249. 
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the  Lance  is  non-marine  and  lignite-bearing  and  has  been  named  the 
Ludlow  lignitic  member.'  The  Cannonball  marine  and  Ludlow 
lignitic  members  occupy  similar  stratigraphic  positions  and  are 
believed  to  be  contemporaneous  in  age. 

The  lower  part  of  the  Lance  is  best  exposed  in  the  badlands 
bordering  the  Little  Missouri  River  in  Bowman  and  Slope  coxmties, 
'  where  it  is  composed  of  shales  alternating  with  soft  gray  or  yellow 
sandstones,  the  beds  having  a  notably  dark  and  somber  aspect. 
The  prevailing  colors  are  dark  gray,  but  beds  of  brown  carbonaceous 
shale  are  common  and  conspicuous.  Much  dark  brown  ferruginous 
material  is  present,  occurring  both  in  thin  seams  and  concretions, 
the  latter  being  most  numerous  at  certain  horizons,  and  fragments 
of  this  cover  the  slopes  in  many  places.  Another  characteristic 
is  the  great  number  of  sandstone  concretions,  some  small  and  others 
8  to  lo  feet  in  diameter.  Only  occasional  thin  seams  of  lignite 
are  foimd  in  the  lower  part  of  the  Lance. 

The  Ludlow  lignitic  member  in  North  Dakota  is  similar  litho- 
logically  to  the  lower  part  of  the  Lance  except  that  numerous  beds 
of  lignite  Are  present.  In  western  Slope  County  it  contains  at 
least  5  lignite  beds  which  are  from  4  to  30  feet  in  thickness. 

The  flora  of  both  the  lower  part  of  the  Lance  and  the  Ludlow 
lignitic  member  is  similar  to  that  of  the  overlying  Fort  Union,  the 
great  majority  of  the  species  being  common  to  both  formations, 
according  to  Knowlton.*  The  Lance  thus  has  a  Fort  Union  flora. 
The  characteristic  vertebrate  fossils  of  the  Lance  are  the  three- 
homed  dinosaur  Triceratops.  Trachodan  bones  are  also  present  in 
these  beds. 

The  Cannonball  marine  member  has  been  mapped  only  west  of 
the  Missouri  River,  and  while,  in  the  absence  of  outcrops,  it  is  not 
represented  on  the  geologic  map  as  occurring  east  of  the  river, 
it  seems  not  unlikely  that  it  may  be  present  beneath  the  drift,  and 
that  a  portion  of  the  area  mapped  as  the  lower  member  of  the  Lance 
is  occupied  by  the  Cannonball  marine  member.    On  accotmt  of 

'  £.  R.  Lloyd  and  C.  J.  Hares,  "The  Cannonball  Marine  Member  of  the  Lance 
Formation  of  North  and  South  Dakota  and  Its  Bearing  on  the  Lance-Laiamie  Prob- 
lem, Jour,  Geol.j  XXIII  (1915),  523-47. 

*  Proc.  Wash.  Acad.  Sci.,  XI  (1909),  218-24. 
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the  heavy  covering  of  drift  the  eastern  boundary  of  the  area  is 
probably  only  approximately  correct. 

Not  only  is  the  Cannonball  marine  member  well  exposed  along 
the  river  from  which  it  is  named,  but  it  is  also  well  shown  in  many 
outcrops  along  the  Heart  River  in  the  vicinity  of  Mandan  and  in  the 
bluff  of  the  Missouri  near  Bismarck.  It  is  composed  of  dark  gray  to 
black  shale,  arenaceous  in  part,  with  a  subordinate  amount  of  gray 
and  yeUow  sandstone.    Some  thin  beds  of  limestone  are  also  present. 

After  the  deposition  of  the  Fox  Hills  sandstones  the  Cretaceous 
sea  withdrew  from  the  region  for  a  time  find  the  beds  constituting 
the  lower  part  of  the  Lance  were  formed.  These  and  the  Ludlow 
lignitic  member  of  the  western  area  are  of  continental  origin  and 
were  probably  formed  in  part  by  rivers,  though  much  of  the  forma- 
tion may  be  of  lacustrine  origin.  As  the  lakes  were  filled  with  sedi- 
ment, they  were  converted  into  swamps  in  which  trees  and  other 
vegetation  grew  and  accumulated  year  after  year  to  form  the  beds 
of  lignite  which  are  characteristic  of  the  upper  non-marine  portion 
of  the  Lance.  But  while  this  Ludlow  h'gnitic  member  was  being 
deposited  to  the  west  the  sea  again  entered  the  re^on,  per- 
haps from  the  east,  and  in  its  waters  were  formed  the  Cannonball 
marine  member,  with  its  abimdant  fauna  of  marine  shells,  which 
Dr.  Stanton  characterizes  as  a  modified  Fox  Hills  fauna.'  That 
this  sea  may  have  extended  westward  almost  to  the  Montana  line 
is  suggested  by  the  occurrence  in  the  Little  Missouri  badlands  of 
western  Slope  Coimty  of  a  bed  containing  Osirea  glabra  and  Ostrea 
subtrigonalis.  Since  these  oysters  are  brackish-water  forms  the 
open  sea  was  probably  not  far  distant,  and  the  shale  bed  containing 
them  appears  to  be  the  westward  extension  of  the  Cannonball 
marine  member.  The  zone  in  which  the  shells  are  found  lies 
120  feet  below  the  top  of  the  Ludlow  lignitic  member.  Following 
the  deposition  of  the  Cannonball  marine  member  the  sea  withdrew 
from  the  region  never  to  return  again. 

The  thickness  of  the  Lance  formation  along  the  Little  Missouri 
is  about  820  feet,  the  upper  300  feet  representing  the  Ludlow  lig- 
nitic member.  In  the  Cannonball  River  region  the  Lance  is  about 
700  feet  thick. 

'  £.  R.  Lloyd  and  C.  J.  Hares,  op.  cit,^  p.  537. 
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The  relation  of  the  Lance  formation  to  the  underlsring  Fox  HUls 
is  of  importance  as  bearing  on  the  age  of  the  former.  In  many 
localities  in  Wyoming,  Montana,  and  South  Dakota,  where  the 
contact  has  been  observed,  the  Lance  rests  unconformably  on  the 
Fox  Hills.  On  Little  Beaver  Creek  in  northwestern  Bowman  Coimty 
the  Fox  Hills  sandstone  had  undergone  erosion  before  the  deposition 
of  the  Lance  beds,  and  although  it  has  been  questioned  whether 
this  erosion  represents  a  long  time  interval,  the  relationship  else- 
where suggests  the  probability  that  the  imconformity  here  may 
represent  a  considerable  interval. 

Lying  as  it  does  on  the  border  line  between  the  Cretaceous  and 
Tertiary,  with  its  Fort  Union  (Tertiary)  flora  and  its  vertebrate 
fauna  of  Mesozoic  types,  the  age  of  the  Lance  formation  is  still 
imdetermined.  Some  would  place  it  in  the  Tertiary  while  others 
would  include  it  with  the  Cretaceous  on  accoimt  of  its  dinosaurs 
and  other  Mesozoic  forms. 

TERTIARY  SYSTEM 

Fori  Union  formation. — Overlying  the  Lance  and  resting  in  some 
places  on  the  Cannonball  marine  member,  in  others  on  the  Ludlow 
lignitic  member,  is  the  Fort  Union  formation.  Deposition  went 
on  without  interruption  from  the  beginning  of  Lance  time  to  the 
close  of  Fort  Union  time,  during  which  over  i,8oo  feet  of  sediments 
accumulated,  all  of  continental  origin  except  those  of  the  Cannon- 
ball  marine  member. 

The  Fort  Union  formation,  which  covers  the  greater  part  of 
western  North  Dakota,  contains  most  of  the  lignite  deposits  of  the 
state,  the  lignite  beds  of  the  Lance  being  relatively  unimportant. 
Outcrops  are  abimdant  in  the  Little  Missouri  badlands,  as  well  as 
along  the  Missouri  and  other  streams  of  the  region,  and  these 
•extensive  outcrops  afford  exceptional  opportunity  for  the  study  of 
the  formation.  The  Fort  Union  is  remarkably  uniform  in  color, 
composition,  and  general  appearance  over  many  thousands  of  square 
miles.  It  is  composed  of  shales  alternating  with  soft  sandstone 
and  contains  niunerous  beds  of  lignite.  The  prevailing  colors  are 
light  ash  gray  and  yellow,  but  some  layers  are  nearly  white. 
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One  of  the  most  conspicuous  features  of  the  Fort  Union  is  the 
\'ast  quantity  of  baked  and  fused  rock,  or  clinker,  produced  by  the 
heat  of  the  burning  ligntte  beds.  The  overlying  shales  and  sand- 
stones have  been  burned  to  a  red  or  pink  color  and  in  places  com- 
pletely fused  to  slaglike  masses.  This  clinker  caps  many  of  the 
ridges  and  buttes  of  the  region,  having  protected  them  from  erosion 
by  its  superior  hardness.  The  beds  of  clinker  vary  in  thickness 
from  5  or  6  to  40  feet  and  over,  the  thicker  masses  probably  having 
been  produced  by  the  burning  of  several  lignite  beds  and  the 
baking  of  the  intervening  shales,  all  now  forming  a  single  bed. 

The  Fort  Union  ever3n¥here  contains  numerous  beds  of  lignite. 
These  vary  in  thickness  from  an  inch  and  less  to  35  feet,  beds  6,  8, 
and  10  feet  thick  being  common.  Many  of  the  lignite  beds  cover 
large  areas.  One  with  a  thickness  of  from  5  to  16  feet  has  a  known 
extent  of  20  miles  in  one  direction  and  25  in  another,  thus  covering 
an  area  of  at  least  500  square  miles.  Another  is  known  from  its 
outcrops  to  have  an  area  of  over  900  square  miles,  and  its  probable 
extent  is  from  1,000  to  1,500  square  miles.  This  bed  ranges  in 
thickness  from  9  to  15  feet  and  over.  The  lignite  is  found  from  top 
to  bottom  of  the  Fort  Union,  and  since  it  is  present  also  in  the  upper 
part  of  the  Lance  formation  it  has  a  vertical  range  of  from  1,200 
to  1,300  feet. 

The  Fort  Union,  which  is  Lowest  Eocene,  or  Paleocene,  in  age, 
contains  an  abimdant  flora,  about  300  species  of  plants  having 
been  described  from  this  formation.  It  has  a  fauna  comprising 
both  fresh-water  shells  and  vertebrates.  Among  the  former  are 
Unio  priscus  M.  and  H.,  Viviparus  trockiformis  M.  and  H.,  Vivi- 
parus  leai  M.  and  H.,  Viviparus  retusus  M.  and  H.,  Campelama 
mtUiUineata  M.  and  H.,  Campdoma  producta  White,  and  Corbula 
maciriformis  M.  and  H.  Among  the  vertebrate  remains  are  fishes, 
turtles,  the  aquatic  reptile  Champsosaurus  laramiensiSj  and  mam- 
malian teeth. 

A  large  part  of  the  Fort  Union  formation  has  been  removed  by 
erosion  and  only  in  the  higher  buttes  and  divides  of  western  North 
Dakota  has  the  upper  part  been  preserved.  Li  Billings  and  Golden 
Valley  counties  it  has  a  thickness  of  1,000  feet,  while  farther  north, 
in  McKenzie  County,  the  formation  reaches  1,300  feet  in  thickness. 
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The  shales  and  sandstones  of  the  Fort  Union  appear  to  be  very 
largely  of  lacustrine  origin.  The  channel  sandstones  and  the  con- 
glomerates which  are  present  in  places  at  the  base  of  the  formation 
were  probably  deposited  by  rivers,  as  were  some  of  the  shales  and 
sandstones  above,  but  the  greater  part  of  the  sediments  appears 
to  have  been  laid  down  in  lakes,  many  of  them  of  large  size  and 
occupying  parts  of  North  Dakota,  Montana,  South  Dakota, 
Wyonaing,  and  a  considerable  area  in  Canada.  This  region  is 
believed  to  have  been  a  great  flat  plain  occupied  by  numerous  lakes, 
and  over  this  plain  large  sluggish  rivers  took  their  meandering 
course.  Thus  deposits  made  on  the  flood  plains  of  rivers,  and  wind 
deposits,  are  doubtless  represented  in  the  Fort  Union,  along  with 
lacustrine  deposits,  which  make  up  the  bulk  of  the  formation. 

Various  features  characteristic  of  fluviatile  deposits,  such  as 
local  unconformities  and  filled  channels,  are,  so  far  as  known,  not 
found  in  the  Fort  Union  except  at  the  base  of  the  formation,  and 
cross-bedding  is  of  rare  occurrence  in  the  sandstones.  Were  the 
shales  and  sandstones  of  the  Fort  Union  formed  chiefly  through 
deposition  by  rivers  the  foregoing  features  should-  be  present,  and 
the  fact  that  except  for  a  little  cross-bedding  they  are  not  found 
above  the  base  suggests  that  the  deposits  are  lacustrine  in  large 
part. 

The  numerous  lignite  beds  of  the  Fort  Union  are  evidence  that 
the  region  was  occupied  again  and  again  by  swamps,  many  covering 
himdreds  and  even  thousands  of  square  miles.  These  were  prob- 
ably formed  by  the  partial  filling  of  the  lakes  with  sediment  brought 
in  by  rivers,  thus  converting  them  repeatedly  into  swamps.  The 
coal-forming  vegetation  growing  in  these  swamps  consisted,  as 
determined  by  Thiessen,'  very  largely  of  coniferous  trees,  including 
varieties  related  to  the  Sequoia,  cypress,  juniper,  and  arbor  vitae, 
together  with  some  firs  and  spruces.  The  woody  material  of  these 
trees,  including  tnmks,  stems,  and  branches,  comprises  roughly 
75  to  8s  per  cent  of  the  whole  mass  of  the  lignite.  That  the 
vegetation  accimiulated  in  some  of  these  swamps  for  thousands  and 
tens  of  thousands  of  years  is  indicated  by  the  fact  that  several 

» David  White  and  Reinhardt  Thieasen,  "The  Origin  of  Coal,"  Bureau  of  Mines, 
Bull.  No.  38, 1913,  p.  222. 
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of  the  lignite  beds  have  a  thickness  of  20  feet  and  one  of  35  feet. 
That  the  coal  swamps  recurred  repeatedly  in  many  parts  of  the 
region  is  proved  by  the  presence  in  some  vertical  sections  of  as 
many  as  15  or  20  lignite  beds,  the  majority  of  them,  it  is  true,  of  no 
great  thickness.  Among  the  lakes  and  swamps  there  grew  many 
varieties  of  trees,  including,  according  to  Ejaowlton,'  the  poplar,  oak, 
walnut,  fig,  elm,  maple,  birch,  alder,  dogwood,  hickory,  box  elder, 
buckthorn,  viburnum,  witch-hazel,  horse  chestnut,  and  bittersweet. 
Interspersed  with  these  were  scattered  conifers  and  ginkgos.  Thus 
during  Fort  Union  time  North  Dakota  and  adjoining  areas  were 
covered  with  dense  forests.  Osborn  thus  describes  the  region  as 
it  was  at  this  period:  '^Vast  stretches  of  subtropical  and  more 
hardy  trees  were  interspersed  with  swamps  where  the  vegetation 
was  rank  and  accumulated  rapidly  enough  to  form  great  beds  of 
lignite.  Here  were  bogs  in  which  bog  iron  was  formed.  Amid  the 
glades  of  these  forests  there  wandered  swamp  turtles,  alligators, 
and  large  lizards  of  the  characteristic  genus  Champsosaurus.^^^ 

White  River  famuUian. — ^The  dep>osition  of  the  Fort  Union  sedi- 
ments was  followed  by  a  long  erosion  interval  during  which  hundreds 
of  feet  of  strata  were  removed.  Erosion  was  going  on  during  most 
of  the  Eocene  period,  and  a  well-marked  imconformity  therefore 
separates  the  Fort  Union  from  the  overljdng  White  River  formation 
of  the  Oligocene. 

The  White  River  beds  occupy  a  niunber  of  small  and  widely 
scattered  areas  west  of  the  Missouri  River.  It  is  necessary  to 
exaggerate  the  size  of  these  areas  in  order  to  represent  them  on  the 
geologic  map  (p.  7).  The  formation  is  especially  well  exposed  in 
White  Butte,  in  Slope  Coimty,  where  it  covers  an  area  of  8  to  10 
square  miles,  forming  the  highest  portion  of  the  divide  at  the  head- 
waters of  the  north  fork  of  the  Cannonball  River  and  Sand  and 
Deep  creeks.  It  is  here  composed  of  white  clays  at  the  bottom, 
on  which  rests  a  coarse  sandstone  filled  in  places  with  large  pebbles; 
this  is  overlain  by  about  100  feet  of  calcareous  clays,  which  in  turn 
are  overlain  by  more  than  100  feet  of  fine-grained  greenish  sand- 
stone.   These  deposits  represent  all  three  members  of  the  White 

« F.  H.  Knowlton,  U^.  Ged,  Survey,  BuU.  No.  6ii,  19x5,  p.  59. 
'  H.  F.  Osbom,  The  Age  of  the  Mammals,  p.  100. 
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River  formation,  the  lower  or  Titanotherium  beds,  the  middle  or 
Oreodon  beds,  and  the  upper  or  Protoceras  beds. 

It  is  probably  this  area,  in  what  was  then  Dakota  Territory, 
which  was  visited  by  E.  D.  Cope  in  1883,  ^uid  from  it  he  collected 
twenty  species  of  vertebrates,  including  Trionyx,  Galecynus  gregari- 
ous, Aceratheriumy  Ebtherium  ramosuniy  Oreodon,  and  Leptomeryx. 

The  beds  of  the  White  Butte  locality  have  been  described  in 
considerable  detail  by  Earl  Douglass,'  and  in  the  middle  member, 
or  Oreodon  beds,  he  foimd  the  following  vertebrate  fossils:  Ictops, 
Ischyromys,  Palaeolagus,  Merycoidodon  cidbertsoni,  Leptomeryx 
evansi,  Mesohippus,  Hyracodon,  Gymnoptychus,  Eumys,  and  Acera- 
therium.  Another  White  River  area  was  discovered  by  Douglass 
about  30  miles  northeast  of  White  Butte,  in  western  Stark  Coimty. 
All  three  members  of  the  White  River  formation  are  here  present 
and  contain  mammalian  bones. 

The  40  'feet  of  calcareous  clay  and  compact,  siliceous,  thin- 
bedded  limestone  occup)dng  a  few  acres  on  top  of  Sentinel  Butte,  in 
Golden  Valley  County,  is  referred  to  the  White  River  formation. 
Seventy  miles  east  of  White  Butte,  in  Grant  County,  the  White 
River  formation  occurs  on  the  tops  of  three  high  buttes.  The 
deposits  are  briefly  described  by  E.  R.  Lloyd*  as  consisting  of  about 
50  feet  of  calcareous  sandstone  overljdng  a  marly  limestone,  both 
being  referred  to  this  formation  "on  faunal  and  lithologic  evidence." 

Far  to  the  north  of  the  above-mentioned  areas,  in  the  Killdeer 
Moimtains  of  northwestern  Dunn  County,  there  are  400  feet  of 
strata  which  are  so  wholly  imlike  the  underlying  Fort  Union,  on 
which  they  rest  imconformably,  that  they  have  been  referred  to 
the  White  River  formation.  This  area  has  recently  been  described 
by  T.  T.  Quirke.^  The  deposits  here  consist  of  green  or  pink  non- 
plastic  clays,  green  friable  calcareous  sandstones,  limestones,  and 
chalklike  arenaceous  marl.  The  rocks  are  similar  in  character  to 
those  of  the  White  River  formation  found  elsewhere  in  the  region, 
and  they  imdoubtedly  belong  to  that  formation. 

*  Annais  of  ike  Carnegie  Museum^  V,  Nos.  2  and  3  (1909),  281-88. 

*  E.  R.  Lloyd,  "The  Cannonball  River  Lignite  Field,  North  Dakota,''  US.  Geol. 
Survey,  BuU.  No.  541,  1914,  p.  251. 

3  T.  T.  Quirke,  "The  Geology  of  the  Killdeer  Mountains,  North  Dakota,"  Jtfw. 
Geol.,  XXVI  (1918),  255-71. 
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About  25  mfles  horth  and  east  of  the  Killdeer  Mountains,  in 
eastern  McKenzie  County,  many  of  the  high  buttes  are  capped  with 
200  feet  of  strata  resembling  those  in  the  Killdeer  Moimtains.  It  is 
believed  that  the  greenish  sandstones  and  greenish  clays  of  these 
buttes  are  likewise  to  be  referred  to  the  White  River  formation. 

The  strata  in  all  these  localities  are  clearly  only  remnants  of 
much  larger  areas  which  have  suffered  extensive  erosion  and  only 
relatively  small  patches  of  the  White  River  formation  have  been 
left.  It  is  not  unlikely  that  several  of  those  nearest  together  may 
formerly  have  been  connected. 

The  beds  of  this  formation  are  in  part  lake  deposits  and  in  part 
river  deposits.  Those  of  Sentinel  Butte,  the  easternmost  areas  in 
Grant  Coimty,  and  most  of  the  beds  of  the  Killdeer  Moimtains  are 
doubtless  of  lacustrine  origin,  while  portions  of  the  deposits  of  White 
Butte  and  the  next  area  to  the  north  are  likewise  lake  deposits. 
The  coarse  pebbly  sandstones  and  perhaps  other  strata  were 
deposited  by  rivers. 

While  western  North  Dakota  was  an  area  of  deposition  in 
Lowest  Eocene  or  Paleocene  time  and  also  during  the  early  part 
of  the  Oligocene  epoch,  nevertheless  during  most  of  the  Tertiary 
period  the  Region  was  undergoing  erosion.  This  resulted  in  the 
removal  of  many  hundreds  of  feet  of  strata  over  most  of  the  state, 
and  in  places  the  aggregate  thickne3s  of  the  Cretaceous  and  Ter- 
tiary deposits  thus  carried  away  by  streams  amounted  to  1,000 
feet  and  over.  The  outlier  known  as  the  Turtle  Moimtains,  the 
Fort  Union  strata  of  which  were  once  continuous  with  those  of  the 
Missouri  Plateau,  was  during  this  time  separated  from  the  plateau 
by  the  denudation  of  the  intervening  area.  The  broad  depression 
of  the  Red  River  Valley  was  cut  to  a  depth  of  800  to  900  feet  in  the 
Cretaceous  and  older  rocks  of  eastern  North  Dakota  and  Minne- 
sota by  a  large  northward-flowing  river.  The  topographic  features 
of  the  region  west  of  the  Missouri  River,  including  the  rolling  up- 
lands, the  high  ridges  and  divides,  the  numerous  buttes,  the  escarp- 
ments, and  badlands,  were  all  formed  in  large  measure  by  erosion 
during  the  Tertiary  period,  continued,  of  course,  in  the  Pleistocene. 

Since  the  Cretaceous  and  Tertiary  strata  were  deposited  they 
have  undergone  but  little  deformation,  though  the  region  has 
several  times  been  elevated,  in  the  aggregate  to  the  extent  of  some 
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2yOoo  to  3,000  feet.  Only  locally  has  there  been  warping  or  folding 
of  the  strata,  as  in  the  Cedar  Creek  anticline,  which  extends  from 
near  Glendive,  Montana,  southeast  into  southwestern  North 
Dakota.'  This  anticline  was  probably  formed  about  the  close  of 
Fort  Union  time  and  prior  to  the  deposition  of  the  White  River  beds. 

QUATERNARY  SYSTEM 

Pleistocene  deposits. — ^The  Cretaceous  and  Tertiary  formations 
are  largely  buried  beneath  a  mantle  of  Pleistocene  deposits  left 
by  the  ice  sheets  which  once  covered  the  region.  These  deposits 
conceal  the  bed  rock  except  where  they  have  been  cut  through  by 
streams,  thus  exposing  to  view  the  underlying  formations.  With 
the  exception  of  the  Lake  Agassiz  silt  of  the  Red  River  Valley  the 
Pleistocene  deposits  are  not  shown  on  the  geologica  Imap  (p.  7). 
but  they  cover  the  entire  state,  except  the  southwest  comer. 
The  preglacial  surface  on  which  they  rest  had  undergone  great 
erosion  during  the  Tertiary  period,  as  already  stated,  and  was 
therefore  doubtless  quite  uneven  and  rough  and  cut  by  many 
stream  valle)rs.  These  surficial  deposits  rest  on  the  Archean  granite 
and  Paleozoic  rocks  in  the  Red  River  Valley;  farther  west  they  rest 
on  the  Pierre  and  other  Cretaceous  formations,  and  in  western 
North  Dakota  they  directly  overlie  the  Tertiary  strata.  They 
overlie  the  earlier  formations  without  regard  to  altitude,  the  surface 
on  which  they  rest  ranging  in  elevation  from  450  to  2,500  feet  above 
sea-level. 

Glacial  drift. — ^The  only  portion  of  the  state  which  was  not  buried 
beneath  the  Pleistocene  ice  sheets,  and  hence  did  not  receive  a 
deposit  of  drift,  is  the  southwest  comer.  The  drift  extends  from 
40  to  60  miles  west  and  south  of  the  Missouri  River,  though  it  is 
here  represented  largely  by  gravel  and  bowlders,  since  the  till  is 
thin  and  in  scattered  patches. 

There  are  at  least  two,  and  probably  three,  drift  sheets  in  North 
Dakota,  namely.  Late  Wisconsin,  Early  Wisconsin,  and  an  older 
drift,  which  may  be  referred  to  provisionally  as  the  Kansan,  though 
it  may  prove  to  be  yoimger.    The  Late  Wisconsin  drift  covers 

*  A.  G.  Leonard,  U.S.  Geol.  Survey^  BuU,  No.  28s,  1906,  p.  317;  No.  316, 1907, 
pp.  19s,  203;  W.  R.  Calvert,  U.S.  Geol.  Survey,  BuU.  No.  471,  191 2,  p.  201. 
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considerably  over  one-half  the  state,  including  the  eastern  and 
northwestern  portions,  and  its  western  border  is  marked  by  the 
wide,  massive  Altamont  moraine,  which  in  places  has  a  width  of 
20  miles  and  over.  Outside  of  the  Altamont  moraine  there  is  in 
northwestern  North  Dakota  and  perhaps  elsewhere  in  the  state  a 
drift  which  is  little  older  than  that  within  the  moraine,  and  is  itself 
marked  by  occasional  morainic  patches.  This  yoimg  drift,  which 
in  Williams  County  extends  20  miles  or  more  south  of  the  Alta- 
mont moraine,  is  probably  Early  Wisconsin.  Beyond  the  Early 
Wisconsin  till  and  appearing  at  the  surface  for  the  most  part  west 
and  south  of  the  Missouri  River,  is  a  distinctly  older  drift  whose  age 
is  not  yet  definitely  determined,  but  which  may  be  Kansan.  This 
pre-Wisconsin  drift  has  been  described  elsewhere'  and  need  not 
be  discussed  more  fully  here.  It  forms  well-developed  moraines  in 
northeastern  Morton  and  northern  McKenzie  counties. 

In  marked  contrast  to  the  older  drift  the  Wisconsin  has  suffered 
very  little  erosion,  its  surface  is  poorly  drained,  is  characterized*by 
almost  coimtless  lakes,  ponds,  swamps,  and  marshes,  and  by  many 
rough,  hilly,  morainic  belts.  Twelve  of  these  moraines,  including 
the  remarkably  wide  and  massive  Altamont  moraine,  have  been 
mapped  in  eastern  North  Dakota'  and  adjoining  regions. 

The  drift  varies  in  thickness  from  a  few  feet  to  300  and  even  400 
feet,  though  the  latter  thickness  is  probably  exceptional.  In  the 
Red  River  Valley  the  till  is  commonly  from  200  to  300  feet  thick, 
and  in  other  parts  of  the  state  covered  by  Wisconsin  drift  the  thick- 
ness appears  to  be  somewhat  less,  ranging  usually  from  150  to  250 
feet.  The  pre-Wisconsin  drift  is  much  thinner,  the  maximum 
thickness  so  far  noted  being  100  feet.  West  of  the  Missouri  River 
it  is  seldom  as  much  as  8  or  10  feet  and  generally  not  over  2  or  3  feet 
or  less. 

Lake  Agassiz  silt. — In  the  Red  River  Valley  the  glacial  drift 
is  in  most  places  covered  by  a  fine  silt  which  was  deposited  in  Lake 
Agassiz  toward  the  close  of  the  Pleistocene.    Associated  with  this 

>  A.  G.  Leonard,  "The  Pie-Wisconsin  Drift  of  North  Dakota/'  Jour.  Gecl,^  XXIV 
(1916),  521-32. 

•Warren  Upham,  ''Gladal  Lake  Agassiz/'  US.  Ged.  Survey,  Mono.  No.  25^ 
Plate  XVn. 
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are  alluvial  deposits  spread  over  the  surface  by  the  Red  River  and 
its  tributaries.  This  fine,  thinly  laminated  silt  commonly  has  a 
thickness  of  30  to  50  feet,  though  in  places  it  is  considerably  less. 

Where  rivers  entered  the  lake  the  sediment  carried  by  them 
accumxilated  to  form  delta  deposits.  Three  such  deltas  are  foimd 
in  North  Dakota,  the  largest,  formed  by  the  Cheyenne  River,  cover- 
ing an  area  of  about  800  square  miles.  The  sand  of  this  delta  has 
been  heaped  by  the  wind  into  dimes,  and  a  large  tract  of  the  delta 
is  covered  by  these  sand  hills. 

Recent  deposits:  alluvium. — ^Alluvium  is  found  along  practically 
all  the  streams  of  the  state,  being  deposited  by  the  rivers  over  their 
valley  bottoms  in  time  of  flood,  and  in  some  of  the  larger  valleys 
it  has  accimiulated  to  a  considerable  depth.  It  is  composed  of  sand, 
clay,  and  gravel,  the  upper  2  or  3  feet  being  commonly  day.  The 
belt  of  alluvium  along  the  Missouri  River  averages  2  to  3  miles  in 
width.  As  shown  by  borings,  the  silt  deposited  by  this  river  reaches 
in  places  a  thickness  of  nearly  100  feet.  Some  of  it  may  have  been 
deposited  during  the  Pleistocene,  but  much  of  this  alluvium  of  the 
Missouri  and  other  rivers  belongs  to  the  Recent  epoch. 

Quaternary  history, — In  conclusion  the  course  of  events  during 
the  Quaternary  period  may  be  briefly  described.  At  the  dose  of 
the  Tertiary  the  warmth  of  a  temperate  climate  gave  way  to  the 
rigors  of  an  arctic  cold.  North  Dakota  was  several  times  invaded 
by  an  ice  sheet  and  many  of  the  surface  features  as  we  find  them 
today  are  the  result  of  these  invasions,  particularly  of  the  most 
recent  one.  The  ice  of  the  earlier  invasion  crossed  the  broad  and 
deep  valley  of  the  Missouri  and  extended  from  40  to  60  miles  beyond 
that  river.  The  deposits  of  this  older  glacier  are  in  most  places 
thin  and  appear  to  have  undergone  much  erosion.  This  drift  west 
of  the  Missouri  may  never  have  been  very  thick,  except  locally, 
where  it  forms  moraines,  and  much  of  the  finer  material  of  the  till 
has  been  swept  away  by  the  streams,  leaving  behind  the  gravel 
and  bowlders. 

This  ice  invasion  produced  important  changes  in  the  preglacial 
drainage  of  the  region.  The  Missouri  Valley  and  the  lower  valleys 
of  the  Yellowstone  and  Little  Missouri  rivers  were  blocked  with 
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ice,  so  tliat  all  these  streams  were  forced  to  seek  new  channels. 
Lakes  were  formed  in  the  valleys  of  the  Yellowstone  and  Little 
Missouri  rivers,  the  water  rising  until  it  overflowed  at  its  lowest 
point  the  divide  between  the  latter  and  the  Knife  River.  The  com- 
bined waters  of  the  three  rivers  flowed  east  and  southeast  to  the 
mouth  of  the  Cannonball,  where  they  entered  the  Missouri  Valley. 
The  length  of  this  Pleistocene  valley  from  the  head  of  the  Knife  to 
the  mouth  of  the  Cannonball  is  1 55  miles.  Upon  the  withdrawal  of 
the  ice  sheet  the  Missouri  and  Yellowstone  rivers  returned  to  their 
former  valleys,  but  the  lower  valley  of  the  Little  Missouri  was  per- 
manently abandoned  and  that  river  took  an  easterly  course  from  the 
point  where  its  preglacial  course  was  blocked  by  the  front  of  the 
ice  sheet. 

After  the  first  invasion  the  climate  grew  warmer  and  the  glacier 
retreated  northward,  so  that  conditions  were  probably  favorable 
for  the  return  of  animal  and  plant  life.  Upon  the  recurrence  of  the 
cold  climate  the  ice  sheet  again  advanced  over  the  region  and  prob- 
ably reached  about  to  the  Missouri  River.  Evidence  that  this 
second  advance  crossed  the  latter  stream  is  lacking,  and  it  is  known 
to  have  stopped  far  short  of  the  limits  reached  by  the  first  invasion. 
Then  after  a  relatively  short  intergladal  interval,  during  which 
the  glacier  withdrew  from  the  region,  there  was  a  third  invasion 
of  the  ice  sheet,  coming  as  before  from  the  center  west  of  Hudson 
Bay.  The  limit  reached  by  this  Late  Wisconsin  ice  sheet  is  marked 
by  the  Altamont  moraine.  This  remarkably  well-developed  mo- 
raine forms  a  very  rough  belt  of  massive  hills  and  ridges  which 
extends  without  interruption  for  himdreds  of  miles.  Li  places 
it  is  fully  20  miles  wide  and  throughout  much  of  its  extent  in  North 
Dakota  its  width  probably  averages  12  to  15  miles.  While  form- 
ing the  moraine  the  ice  front  doubtless  fluctuated  back  and  forth 
across  the*belt  for  a  long  period. 

During  its  recession  the  ice  sheet  halted  again  and  again  and 
thus  built  a  series  of  moraines.  Some  of  these  halts  were  brief  and 
the  resulting  moraines  poorly  defined;  others  were  of  much  longer 
duration,  as  shown  by  the  great  amount  of  material  deposited  and 
the  large  size  of  the  hills  and  ridges. 
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Lake  Agassiz:  The  early  history  of  Lake  Agassiz,  according  to 
Upham/  was  intimately  connected  with  the  recession  of  the  ice 
front,  since  when  the  glacier  had  retreated  across  the  divide  between 
the  Minnesota  and  Red  rivers  the  lake  was  formed  by  the  ponding 
of  the  water  at  the  south  end  of  the  Red  River  Valley.  According 
to  this  view,  Lake  Agassiz  began  as  a  small  body  of  water  and 
expanded  northward  as  the  ice  melted  until  its  maximum  was 
attained,  its  area  at  that  time  being  ab6ut  110,000  square  miles. 

Recently  W.  A.  Johnson,  of  the  Canadian  Geological  Survey, 
has  attributed  a  different  life-history  to  Lake  Agassiz.'  He 
believes  with  Tyrrell  that  after  the  retreat  of  the  Keewatin  glacier 
northward  into  Manitoba  there  was  comparatively  free  drainage 
in  that  direction,  so  that  an  earlier  glacial  marginal  lake  associated 
with  a  lobe  of  the  Keewatin  glacier  was  largely  or  wholly  drained. 
Lake  Agassiz  proper  did  not  come  into  existence  imtil  a  later 
advance  of  the  ice  from  the  northeast  was  met  by  a  slight  advance 
of  the  Keewatin  glacier,  which  resulted  in  the  ponding  of  the  north- 
ward drainage  and  the  initial  stage  of  the  lake.  The  waters  gradu- 
ally rose  and  extended  southward,  filling  the  Red  River  Valley  and 
overflowing  to  the  south. 

It  will  be  noted  that  these  two  views  differ  radically,  one  holding 
that  the  lake  began  at  the  upper  or  south  end  of  the  valley  and 
expanded  northward  with  the  retreat  of  the  ice  margin;  the  other, 
that  the  lake  originated  well  to  the  north  in  Manitoba  after  much  of 
the  Red  River  Valley  was  already  free  of  ice,  and  had  first  a  rising 
stage  as  it  increased  in  size  and  extended  southward  over  the  valley 
floor.  But  in  either  case  Lake  Agassiz  owed  its  existence  to  the 
presence  of  the  ice  barrier  to  the  north  and  northeast,  higher  land 
holding  in  its  waters  on  the  other  sides  of  the  basin. 

This  Pleistocene  lake  left  its  mark  on  the  region  in  the  form  of 
beaches,  deltas,  and  lacustrine  silts.  The  gradual  retreat  of  the 
ice  barrier  which  held  the  lake  in  place  afforded  outlets  at  different 
levels,  and  at  many  of  these  stages  the  water  remained  long  enough 
to  form  more  or  less  distinct  beach  lines.    A  series  of  beach  ridges 

'  Warren  Uphaxn,  ''Glacial  Lake  Agassiz,"  US,  Geol.  Survey,  Mono.  No,  25. 
«W.  A.  Johnson,  "The  Genesis  of  Lake  Agassiz,"  Jour,  Cecil,,  XXIV  (1916), 
625-38. 
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were  thus  formed,  the  best  developed  of  which  commonly  rise  10  to 
20  feet  above  the  adjoining  surface  on  the  side  toward  the  former 
lake.  They  are  composed  of  interstratified  gravel  and  sand,  and 
vary  in  width  from  10  to  30  rods. 

These  beaches  afford  evidence  of  the  elevation  of  the  land  to  the 
north,  since  they  are  no  longer  horizontal,  nor  are  they  parallel,  but 
show  a  divergence  among  themselves.  All  have  a  gradual  ascent 
toward  the  north  or  northeast;  the  upper  or  Hermon  beach,  for 
example,  rises  175  feet  between  Lake  Traverse,  at  the  south  end  of 
Lake  Agassiz,  and  the  international  boundary.  As  these  shore  lines 
also  show  a  divergence  among  themselves  it  is  evident  that  this 
upward  movement  of  the  earth's  crust  began  while  Lake  Agassiz 
was  in  existence  and  was  probably  largely  completed  before  the  lake 
was  finally  drained. 

Sand  and  gravel  deltas,  so  extensive  as  to  constitute  notable 
topographic  features,  were  formed  by  the  streams  that  flowed  into 
Lake  Agassiz  while  it  stood  at  its  highest  stage.  Those  in  North 
Dakota  were  formed  by  the  Cheyenne,  Pembina,  and  a  Pleistocene 
river  no  longer  in  existence.  Much  of  the  finer  sediment  contrib- 
uted to  the  lake  by  the  inflowing  streams  was  carried  by  the  waves 
and  currents  and  spread  over  the  bottom  of  the  lake  as  a  fine  silt. 
It  is  this  fine  loam,  mingled  with  decayed  vegetation,  which  forms 
the  rich  black  soil  of  the  Red  River  Valley,  one  of  the  great  wheat 
regions  of  the  world. 

So  recent  is  it  geologically  since  the  last  ice  sheet  withdrew  from 
North  Dakota,  and  since  Lake  Agassiz  was  drained,  that  the  drift 
surface  and  lake  bed  have  been  but  slightly  affected  by  erosion,  and 
are  still  much  as  they  were  left  at  the  close  of  the  glacial  period. 
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NEW  YORK' 


WILLIAM  J.  MILLER 
Smith  College,  Northampton,  Massachusetts 


INTRODUCTION 

During  twelve  seasons  of  field  work  in  the  Adirondack  Moun- 
tain region  of  New  York,  the  writer  has  made  many  himdreds  of 
observations  on  bodies  of  pegmatite,  quartz  (silexite),  and  aplite. 
Certain  of  the  phenomena  long  proved  to  be  very  puzzling,  and 
more  recently  it  has  become  evident  that  some  generally  accepted 
interpretations  of  such  phenomena  are  not  satisfactory  when 
applied  to  many  of  the  occurrences  in  the  Adirondack  region. 
While  engaged  in  the  detailed  geologic  mapping  of  the  Lyon  Moun- 
tain quadrangle,  the  writer  was  soon  impressed  by  the  exceptional 
opportunity  for  a  careful  study  of  the  pegmatite,  quartz  (silexite), 
and  aplite  bodies  which  are  there  so  wonderfully  exhibited  in 
countless  numbers.    Many  detailed  notes  were  taken  and  sketches 
were  made.    The  North  Creek  quadrangle,  surveyed  by  the  writer 
some  years  ago,^  was  also  revisited  for  the  purpose  of  making 
further  observations  on  certain  pegmatites  there  so  well  exhibited. 
In  this  paper  the  discussions  deal  almost  entirely  with  the  Lyon 
Moimtain  and  North  Creek  quadrangles. 

PEGMATITE,  SILEXITE,  AND  APLITE  IN  THE  GRANITES  OP  THE  LYON 
MOUNTAIN   QUADRANGLE 

The  granites, — Several  varieties  of  granite  and  granitic  syenite 
constitute  the  main  bulk  of  the  rocks  of  this  district.  Among 
these  the  variety  of  chief  interest  in  the  present  discussion  is  a 
fine  to  medium-grained,  usually  pink  rock  varying  from  a  true 
granite  through  granitic  syenite  to  quartz  syenite  or  even  quartz 
diorite.    In  the  more  typical  specimens  of  granite  dark  minerals, 

'  Published  by  permission  of  the  state  geologist  of  New  York. 
» W.  J.  Miller.  N.Y.  State  Mus,,  Bull.  170. 
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except  magnetite,  are  either  almost  wholly  absent,  or  they  make 
up  less  than  5  per  cent  of  the  rock.  Thin  sections  of  the  typical 
granites  contain  microperthite,  45  to  70  per  cent;  quartz,  25  to 
35  per  cent;  oligodase,  5  to  25  per  cent;  usually  microchne,  5 
to  15  per  cent;  magnetite,  J  to  2  per  cent;  and  usually  less  than 
2  per  cent  of  one  or  more  of  the  following:  titanite,  hornblende  or 
pyroxene,  biotite,  zircon,  apatite,  and  hematite  (stains).  Locally, 
probably  owing  to  incorporation  of  material  from  older  basic 
rocks,  dark  minerals,  including  hornblende,  monoclinic  pjrroxene, 
and  biotite,  are  fairly  conspicuous.  A  magmatic  flow-structure 
foliation  is  generally  more  or  less  well  developed  in  the  granite, 
but  some  portions  of  the  rock  which  are  almost  free  from  dark 
minerals  exhibit  practically  no  foliation  to  the  naked  eye. 

The  writer  proposes  to  call  the  rock  just  described  the  "Lyon 
Mountain  granite"  because  of  the  excellent  exposures  in  and 
near  the  village  of  Lyon  Mountain.  This  rock  is  also  extensively 
developed  on  Johnson  Mountain,  Duncan  Mountain,  and  in  the 
valley  of  the  Saranac  River.  The  Lyon  Mountain  granite  is 
perhaps  the  most  conspicuous  member  of  Cushing's  "Saranac 
formation."*  This  Lyon  Mountain  granite  contains  a  truly  won- 
derful display  of  pegmatite  and  quartz  (silexite)  in  the  form  of 
dikes,  segregation  masses,  and  inclusions.  Li  many  places  the 
granite  is  very  highly  pegmatized.  All  the  numerous  magnetic 
iron-ore  deposits,  including  those  of  the  Lyon  Mountain  mines, 
occur  in  this  granite.  The  structure  and  origin  of  these  deposits 
are  discussed  by  the  writer  in  another  paper." 

There  is  considerable  field  evidence  to  show  that  the  Lyon 
Mountain  granite  grades  into  and  is  only  a  fades  of  a  coarse- 
grained rock  which  the  writer  proposes  to  name  the  "Hawkeye 
granite"  because  of  its  excellent  outcrops  just  east  of  Hawkeye 
post-office.  In  thin  section  the  rock  from  the  type  locality  shows 
microcline,  microperthite,  and  quartz  in  about  equal  amounts; 
8  to  10  per  cent  of  oligodase  to  albite;  and  small  quantities  of 
biotite,  apatite,  zircon,  magnetite,  chlorite,  and  secondary  caldte. 

*  H.  P.  Gushing,  N.Y.  StaU  Mus,,  Bull  95  (1905),  pp.  299-303. 
■  W.  J.  Miller,  N,Y.  State  Mus.  Bull,,  on  the  geology  of  the  Lyon  Mountain 
quadrangle  soon  to  appear. 
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At  the  summit  of  Lyon  Mountain  the  rock  contains  2  or  3  per 
cent  each  of  hornblende,  diallage,  and  bronzite.  The  feldspar 
and  quartz  crystals  are  usually  from  one-fourth  of  an  inch  to  an 
inch  long.  Where  fresh  the  rock  is  greenish  gray.  It  weathers 
to  a  light  brown.  A  gneissoid  structure  is  generally  more  or  less 
well  developed,  though  considerable  bodies  of  the  rock  may  show 
it  scarcely  at  all.  The  Hawkeye  granite  is  extensively  developed 
in  Silver  Lake  Mountain  and  in  the  southeastern  half  of  the  great 
mass  of  Lyon  Mountain. 

More  locally  the  Lyon  Mountain  granite  grades  through  gra- 
nitic syenite  into  quartz  syenite  and  even  into  quartz  diorite. 

Silexite  in  the  granites. — ^The  term  "silexite"  is  elsewhere  pro- 
posed' by  the  writer  for  any  body  of  pure  or  nearly  pure  silica 
of  igneous  or  aqueo-igneous  origin  which  occurs  as  a  dike,  segre- 
gation mass,  or  inclusion  within  or  without  its  parent  rock.  So- 
called  "quartz  dikes''  are  included  imder  "silexite." 

Hundreds  of  silexite  masses  were  observed  in  the  granites  of 
the  Lyon  Moimtain  quadrangle.  They  are  most  abundant  by 
far  in  the  Lyon  Moimtain  granite.  The  evidence  that  they  are 
not  true  veins  is  decisive.  None  of  them  ever  shows  crustification, 
and  many  of  them  grade  into  true  pegmatite.  Thus  at  the  summit 
of  Duncan  Mountain  and  also  just  south  of  the  southern  smnmit 
of  Alder  Brook  Mountains,  where  both  pegmatite  and  silexite 
are  grandly  exhibited  in  the  large,  bare  ledges  of  Lyon  Moimtain 
granite,  one  may  observe  every  possible  gradation  from  typical, 
moderately  coarse-grained  pegmatite,  consisting  mostly  of  pink 
potash  feldspar  and  some  quartz,  to  about  equal  amounts  of  feld- 
spar and  quartz,  to  mostly  quartz,  with  some  scattering  crystals 
of  feldspar,  and  to  practically  pure  silica  (silexite).  Most  of  the 
silexite  contains  i  or  2  per  cent  of  feldspar  in  the  form  of  small 
crystalline  masses  with  rather  blurred  contacts  against  the  silica. 
All  the  facies  just  mentioned  occur  on  Duncan  Mountain,  not 
only  in  the  form  of  dikes  more  or  less  parallel  to  the  foliation  of 
the  granite,  but  also  often  as  irregular  bunches  or  lenses  crudely 
parallel  to  the  foliation,  the  original  masses  in  the  latter  cases 
apparently  having  been  broken  up,  pulled  apart,  and  the  pieces 

*  W.  J.  Miller,  Science,  in  a  number  soon  to  be  issued. 
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more  or  less  shifted  after  they  were  developed,  by  movements  in 
the  granite  magma,  which  still  possessed  a  considerable  degree  of 
fluidity.  Such  breaking  up  and  shifting  of  pegmatite  and  silexite 
masses  appear  to  have  been  most  notably  true  of  the  silexite. 
Many  of  the  later  pegmatite  dikes  (below  described)  exhibit  no 
such  phenomena.  We  are  led  to  conclude,  therefore,  not  only 
that  many  masses  of  practically  pure  silica  (silexite)  separated 
from  the  granite  magma  well  before  many  of  the  ordinary  peg- 
matites, but  also  that  the  separation  of  the  silica  took  place  well 
before  the  complete  solidification  of  the  granite  magma.  Accord- 
ingly those  masses  of  silexite  which  developed  early  (probably  as 
segregation  masses)  and  were  broken  up  and  more  or  less  shifted 
in  the  magma  are  to  be  regarded  as  inclusions  in  the  granite. 

The  following  sketches  (Figs,  i,  2,  3)  of  portions  of  the  ledges 
at  the  smnmit  of  Duncan  Mountain  will  suffice  to  make  clear  the 
foregoing  conclusions.  Figure  i  shows  seven  fragments  of  silexite. 
Evidently  they  represent  portions  of  one  or  more  masses  which 
were  broken  up  and  strung  out  in  the  magmatic  current.  The 
wrapping  of  the  magmatic  flow-structure  about  the  fragments  is 
very  evident.  Contacts  of  the  silexite  against  the  granite  are 
sharp.  That  these  fragments  are  true  inclusions  of  silexite  which 
must  have  developed  (probably  by  segregation)  well  before  the 
final  consolidation  of  the  granite  magma  is  strongly  supported 
by  the  tmdoubted  inclusions  of  both  Grenville  strata  and  an  old 
gabbro  which,  in  the  Lyon  Moimtain  district,  have  been  observed 
to  bear  exactly  similar  relations  to  the  granite  (see  Fig.  5).  Unlike 
the  Grenville  and  gabbro  inclusions,  however,  the  fragments  of 
silexite  are  not  distinctly  older  than  the  granite.  They  are  early 
fades  of  the  pegmatitic  masses  which  developed  during  the  intru- 
sion of  the  granite  and  probably  after  the  magma  had  come  nearly 
to  rest.  Thus  other  nearby  ledges  of  granite  at  the  top  of  Duncan 
Mountain  show  distinct  inclusions  of  silica  which  contain  varying 
amoimts  of  feldspar,  though  seldom  more  than  15*  or  20  per  cent. 
Usually  with  increased  feldspar  content  the  contacts  against  the 
granite  are  less  sharp.  Also  in  many  cases  silica,  usually  with  a 
small  content  of  feldspar,  still  exists  in  rather  distinct  dikelike 
fonn  with  only  fairly  sharp  contacts  against  the  granite.    Again, 
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in  many  cases,  practically  pure  silexite  and  ordinary  pegmatite, 
the  one  grading  into  the  other,  occur  in  the  same  inclusion  or  dike. 
Just  south  of  the  southern  summit  of  Alder  Brook  Moimtains  the 
large  bare  ledges  contain  many  pegmatite  and  silexite  masses 
which  exhibit  the  features  just  described,  the  pegmatite  and  silexite 
there  often  grading  into  each  other.  Some  of  these  cut  the  granite 
very  irregularly  in  true  dike  form  without  very  sharp  contacts. 
Phenomena  like  those  above  described  have  been  observed  in  many 
parts  of  the  Lyon  Moimtain  quadrangle. 

Figure  2  shows  two  larger  masses  of  nearly  pure  silica  (silexite) 
with  their  long  axes  parallel  to  the  fluxion  structure  of  the  inclos- 
ing granite,  with  vtry  distinct  magmatic  flow-structure  foliation 
curved  about  them,  and  with  sharp  contacts  against  the  granite. 

A  more  exceptional  case  is  shown  by  Fig.  3.  The  larger  mass 
of  silexite  is  exceedingly  irregular  in  shape,  and  it  locally  contains 
considerable  feldspar.  Both  inclusions  seem  to  lie  almost  at  right 
angles  to  the  foliation  of  the  granite,  though  it  is  quite  possible 
that  this  ground-plan  sketch  does  not  actually  represent  the 
position  of  the  whole  original  larger  mass  of  silexite  from  which 
the  inclusions  were  derived  in  the  granite.  Fluxion  structure  is 
locally  distinctly  curved  on  one  side  of  the  smaller  fragment  of 
silexite,  and  also  between  it  and  the  larger  fragment. 

Figure  4  shows  a  very  interesting  silexite  dike  imusually  thick 
at  one  end  and  with  five  dearly  defined  dikelike  branches  cutting 
the  granite  at  the  other  end.  The  silexite  contains  not  over  10 
per  cent  of  feldspar  scattered  through  it  in  tiny  masses.  Contacts 
against  the  granite  are  only  fairly  sharp,  and  the  foliation  of  the 
granite  nowhere  curves  aroimd  the  silexite.  This  is  quite  certainly 
a  true  dike  of  silexite,  and  it  was  formed  later  than  the  silexite  of 
Figs.  1,2,  and  3,  so  it  was  not  pulled  apart  by  the  granite  magma 
which  had  already  nearly  or  quite  consolidated. 

A  small  lens  of  silexite  occurs  as  a  distinct  inclusion  with  sharp 
contacts  in  one  of  the  later  pegmatites  (see  below)  on  the  low 
ridge  one  mile  east-northeast  of  Goldsmith. 

A  mass  of  nearly  pure  silica  (silexite)  which  demonstrably 
formed  well  before  the  solidification  of  the  medium-grained  granite 
which  contains  it  occurs  on  the  ridge  one  mile  northeast  of  Uie 
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Figs,  z,  2,  and  3. — Sketches  of  portions  of  the  ledges  at  the  summit  of  Duncan 
Mountain  in  the  Lyon  Mountain  quadrangle  showing  the  relations  of  silezite  and 
pegmatite  to  the  foliated  granite. 
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mouth  of  Two  Brooks  near  Goldsmith.  A  lens  of  silexite  was 
there  pulled  apart  in  the  magma,  some  of  which  flowed  into  the 
intervening  space.  Contacts  are  sharp,  and  highly  foliated  granite 
occurs  only  dose  to  the  silexite. 

Some  interesting  masses  of  silexite  of  relatively  late  origin 
occur  in  slightly  foliated  quartz  syenite  on  the  hill  half  a  mile  north 
of  Mud  Pond  near  Riverview.  South  of  the  summit  of  this  hill 
several  dikes  of  silexite  contain  very  little  feldspar,  and  they 
lie  parallel  to  the  foliation  of  the  syenite,  without  sharp  contacts. 
About  40  rods  east  of  the  simmiit  of  the  hill  a  pegmatite  dike  10 


Fig.  4. — ^A  mass  of  silexite  28  feet  long  with  branching  dikes  in  the  granite  on  the 
ridge  one  and  two-thirds  miles  north-northeast  of  Union  Falls  in  the  Lyon  Mountain 
quadrangle. 

inches  wide  and  15  feet  long  grades  into  the  quartz  syenite  on  either 
side  and  lies  parallel  to  the  foliation.  The  middle  of  the  dike  or 
segregation  mass  is  nearly  pure  silica  (silexite)  which  grades  into 
the  pegmatite.  Near  by  a  coarse-grained  pegmatite  dike  several 
feet  wide  cuts  obliquely  across  the  foliation,  this  dike  therefore 
belonging  with  the  latest  pegmatites  below  described. 

Figure  5  represents  a  small  portion  of  a  belt  of  granite  25  to 
30  feet  wide  and  100  feet  long  which  contains  many  angular  inclu- 
sions of  silexite  and  Grenville  quartzite  and  schist.  All  the  inclu- 
sions have  sharp  contacts,  and  they  mostly  have  their  long  axes 
roughly  parallel  to  the  magmatic  flow-structure  foliation  which 
tends  to  curve  about  them.  Masses  of  nearly  pure  silexite  of  very 
early  origin  were  here  pulled  to  pieces,  and  the  pieces  were  moved 
in  the  still  fluid  granite. 
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Some  fine  examples  of  crudely  lens-shaped  masses  of  practically 
pure  silica  (silexite)  have  been  observed  by  the  writer  in  the  Blue 
Mountain  quadrangle  in  syenite,  granite,  and  mixed  gneisses 
apparently  always  parallel  to  the  foliation  of  the  inclosing  rock. 
In  one  case  a  small  dike  of  pegmatite  sharply  cuts  a  long,  narrow 
lens  of  silexite. 

Earlier  pegmatites. — A  great  many  masses  of  true  pegmatite 
of  early  origin  lie  in  the  Lyon  Moimtain  granite  parallel  to  its 


Diabase 


Foot 


Fig.  5. — ^Angular  inclusions  of  both  silexite  and  Grenville  quartzite  in  foliated 
granite  at  the  top  of  the  hill  one-third  of  a  mile  south-southwest  of  Barnes  Pond  in 
the  Lyon  Mountain  quadrangle. 

foliation.  The  mineral  content  of  these  early  pegmatites  is  remark- 
ably simple,  by  far  the  greater  nimiber  of  them  consisting  very 
largely  of  quartz  and  potash  feldspar  (mostly  microcline),  some 
microperthite  and  oligoclase,  and  a  little  biotite.  Some  pegmatites, 
probably  to  be  classed  with  the  early  ones,  though  not  with  the 
earliest,  carry  more  or  less  magnetite,  hornblende,  or  pjrroxene, 
but  these  minerals  appear  to  have  been  largely  or  wholly  derived 
from  the  old  dark  gneisses  and  gabbro  which  were  invaded  by 
the  granite.  Minerals  so  comihon  to  pegmatites  in  general,  such 
as  tourmaline,  garnet,  muscovite,  beryl,  apatite,  and  others,  must 
be  exceedingly  rare  if  they  occur  at  all.    The  only  mineralizer. 
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therefore,  which  could  have  been  present  in  very  appreciable 
quantity  during  the  crystallization  of  these  pegmatites  was  water. 
These  pegmatites  rarely  if  ever  show  graphic  intergrowths. 

In  many  localities  from  lo  to  50  per  cent  of  the  body  of  the 
granite  consists  of  the  earlier  pegmatite  either  in  the  form  of  narrow 
parallel  bands  from  a  few  feet  to  many  feet  long,  causing  the  rock 
to  look  like  a  coarse-banded  gneiss,  or  as  rather  distinct  lenses 
up  to  several  feet  long;  or  in  the  form  of  "eyes"  or  very  short, 
thick,  more  or  less  roimded  or  elliptical  lenses  usually  not  more 
than  a  few  inches  long  and  from  one-half  to  two  or  three  inches 
thick.  The  long,  narrow  bands  almost  invariably  grade  into  the 
granite  on  either  side,  while  the  lenses  and  eyes  generally  show 
moderately  sharp  contacts  against  the  granite.  The  mode  of 
occurrence  of  such  eyes  of  pegmatite  is  fairly  well  illustrated  by 
Figs.  2  and  3,  the  granite  containing  the  eyes,  usually  exhibiting 
rather  wavy  flow-structure  foliation  about  them.  From  the  field 
relations  it  is  quite  certain  that  the  eyes  and  short,  roimded  lenses 
represent  long  lenses  or  layers  of  pegmatite  which  formed  before 
the  final  consolidation  of  the  inclosing  granite,  and  which  were 
pulled  apart  and  strung  out  parallel  to  the  magmatic  currents 
which  were  deflected  aroimd  them.  Their  mode  of  occurrence 
and  lack  of  sharp  contacts  strongly  suggest  that  they  formed 
during  a  late  stage  of  magma  consolidation,  and  that  they  are 
not  so  old  as  the  oldest  silexite  masses,  which  are  now  represented 
as  sharply  defined  inclusions. 

M.  £.  Wilson,'  in  a  description  of  the  gneisses  of  the  Laurentiaa 
highlands,  notes  apparently  similar  lenses  of  pegmatite  and  says 
that  a  "lenticular  character  is  particularly  evident  in  the  case 
of  the  pegmatite  which  commonly  occurs  in  a  succession  of  lenses 
aroimd  which  the  foliation  of  the  surrounding  gneiss  bends." 

Those  pegmatites  which  occur  as  long,  narrow,  irregular  bands 
or  strips  parallel  to  the  granite  foliation,  and  which  grade  into  the 
granite,  no  doubt  represent  the  final  or  nearly  final  solidification 
of  those  portions  of  the  granite  in  which  they  occur,  and  hence 
they  are  practically  in  situ  and  ^ade  into  the  granite.  Figure 
I  shows  a  single  lens  of  such  pegmatite. 

«M.  E.  Wilson,  Amer,  Jour,  Sci.,  XXXVI  (1913),  115. 
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A  typical  example  bringing  out  the  relation  of  the  earlier  to 
the  later  pegmatites  ocoirs  in  a  big  ledge  on  the  little  hill  just 
south  of  the  mouth  of  Two  Brooks  near  Goldsmith.  Much  of 
the  granite  contains  streaks,  lenses,  and  eyes,  usually  less  than  an 
inch  wide  and  not  over  two  feet  long,  of  not  very  coarse  pegmatite 
parallel  to  the  foliation.  This  pegmatite  makes  up  a  very  con- 
siderable percentage  of  the  rock  mass,  with  contacts  varying  from 
fairly  sharp  to  not  sharp.  Cutting  this^  combination  of  granite 
and  pegmatite  are  several  prominent  later  pegmatite  dikes,  six  to 
eight  feet  wide  and  forty  or  fifty  feet  long,  carrying  equal  amoimts 
of  quartz  and  feldspar  and  10  per  cent  of  biotite.  These  moderately 
coarse-grained  later  pegmatite  dikes  lie  only  partly  roughly  parallel 
to  the  granite  foliation.  This  ledge  calls  to  mind  an  exposure  ob- 
served by  the  writer  in  the  Blue  Moimtain  quadrangle^'  where  lenses 
and  eyes  of  pegmatite  parallel  to  the  foliation  of  a  mixed  gneiss 
are  sharply  cut  across  by  a  pegmatite  dike  of  distinctly  later  origin. 

On  a  little  ridge  one  mile  east-northeast  of  Goldsmith  an  out- 
crop shows  two  bands  or  long  lenses  of  pegmatite  parallel  to  the 
foliation  of  the  granite  and  without  very  sharp  contacts.  The 
'  upper  lens  consists  of  two-thirds  quartz  and  one-third  feldspar, 
and  it  is  very  xmiform.  The  lower  lens  is  notably  variable,  with 
the  different  portions  not  sharply  separated.  Nearly  pure  silica 
(silexite)  and  typical  pegmatite  here  developed  side  by  side,  while 
the  inclosing  granite  was  still  somewhat  fluid,  as  shown  by  the 
flow-structure  along  the  lower  side  of  the  lens. 

Near  the  road  two  miles  east-southeast  of  Goldsmith  a  peg- 
matite dike,  or  rather  a  segregation  mass,  one  foot  wide  and  twelve 
feet  long,  which  lies  parallel  to  the  foliation  of  the  inclosing  granite 
and  grades  perfectly  into  it,  shades  off  into  a  zone  of  nearly  pure 
silica  (silexite)  four  to  five  inches  wide  toward  its  middle.  Both 
the  pegmatite  and  the  silexite  here  developed  side  by  side  by 
segregation  during  a  late  stage  in  the  solidification  of  the  granite 
magma,  and  both  pegmatite  and  silexite  now  occupy  practically 
the  place  where  they  solidified. 

A  more  exceptional  mode  of  occurrence  of  the  older  pegmatites 
is  illustrated  in  a  ledge  by  an  old  road  one  mile  northwest  of  the 

«  W.  J.  Miller,  N.Y,  State  Mus„  BuU.  192  (1916),  pi.  10. 
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mouth  of  Alder  Brook.  One  mass  of  pegmatite  a  few  feet  wide. 
perf ectly  exposed  for  twenty  feet  contains  orthoclase  crystals  up  to 
three  or  four  inches  long,  and  its  boundaries  against  the  granite 
are  sharp.  A  very  evident  magmatic  flow-struct\ire  follows  the 
details  of  the  very  irregular  boundary  on  either  side  within  six 
inches  of  the  pegmatite,  but  one  or  two  feet  out  the  foliation  is 
practically  straight.  Evidently  this  typical  pegmatite  developed 
unusually  early,  probably  by  segregation,  perhaps  as  early  as  some 
of  the  first-formed  silexite,  that  is  to  say,  when  the  granite  magma 
still  possessed  a  considerable  degree  of  fluidity. 

Later  pegmatites, — ^As  regards  their  mode  of  occurrence  these 
later  pegmatites  are  in  most  respects  quite  ordinary.  They  cut 
across  the  granite  foliation  at  all  sorts  of  angles,  and  hence  they 
must  have  developed  after  complete,  or  at  least  almost  complete, 
solidification  of  the  granite  which  contains  them.  They  are  true 
dikes,  generally  coarser  grained  and  usually  larger  than  the  older 
pegmatite  masses  above  described.  Many  of  them  are  from  one 
to  ten  feet  wide  and  from  ten  to  fifty  feet  or  more  long.  They 
rarely  if  ever  exhibit  graphic  intergrowths.*  Contacts  against  the 
granite  range  from  very  sharp  to  moderately  sharp,  those  with . 
very  sharp  boundaries  probably  having  developed  in  the  solid, 
relatively  cooler  granite,  while  those  with  less  shaip  boimdaries 
probably  were  intruded  into  essentially  solid  but  relatively  hot 
granite.  Most  of  these  dikes  consist  largely  or  wholly  of  pink  or 
white  potash  feldspar  and  quartz;  some  contain  hornblende  or 
pjrroxene,  or  both;  some  contain  little  or  no  quartz;  some  are 
almost  pure  quartz  (silexite) ;  a  few  contain  scapolite,  and  many 
contain  magnetite  in  amounts  ranging  from  i  to  40  or  50  per  cent. 
With  few  exceptions  these  later  pegmatites,  like  the  earlier  ones, 
do  not  contain  any  other  minerals  as  well  known  in  pegmatites  in 
general.  As  pointed  out  below,  the  hornblende,  pjrroxene,  and 
magnetite  were  almost  certainly  absorbed  by  the  pegmatites  from 
the  old,  invaded  dark  gneisses  and  gabbro.  Apatite  in  small 
amount  and  many  specks  of  titanite  occur  in  some  of  the  peg- 
matized  zones  of  the  granite  in  the  main  workings  of  the  iron  mine 
at  Lyon  Mountain  village,  and  in  somewhat  greater  amounts  in 
the  older  workings  to  the  east.    Throughout  the  Lyon  Mountain 
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quadrangle,  however,  even  these  minerals  are  very  rare  or  absent. 
Aside  from  water  vapor,  then,  these  later  pegmatites  must  have 
been  mostly  relatively  free  from  mineralizers. 

Figure  2  shows  one  of  the  later  pegmatites  with  fairly  sharp 
contacts  cutting  across  a  ledge  of  granite  which  contains  inclusions 
of  silexite  and  eyes  or  inclusions  of  older  pegmatite. 

Near  the  top  of  the  hill  two  miles  east  of  Goldsmith  a  dis- 
tinctly later  pegmatite  dike  not  only  cuts  across  the  foliation  of 
the  granite  but  also  sharply  cuts  earlier-formed  lenslike  masses  of 
both  pegmatite  and  silexite. 

Just  south  of  the  southern  suDMnit  of  Alder  Brook  Mountains 
several  dikes  of  ordinary  pink  pegmatite  grading  into  practically 
pure  silexite  cut  the  granite  in  all  directions  without  very  sharp 
contacts. 

A  fine  ledge  clearly  exhibiting  the  relations  of  earlier  pegmatite 
and  silexite  to  later  pegmatite  occurs  on  the  little  hill  one-fourth 
of  a  mile  northwest  of  the  mouth  of  the  eastern  of  the  Two  Brooks 
near  Goldsmith.  Thin-bedded  Grenville  quartzite  and  gneiss 
are  mostly  highly  injected  with  medium-grained  granite,  pegma- 
tite, and  silexite.  This  combination  of  rocks  is  locally  much 
contorted,  owing  to  magmatic  movements,  and  the  pegmatite 
and  silexite,  especially  the  latter,  are  much  broken  up  and  kneaded 
into  the  mass,  thus  proving  that  this  pegmatite  and  silexite  orig;i- 
nated  before  the  solidification  of  the  granite  magma.  Ordinary 
pegmatites  cut  across  this  ledge  of  mixed  rocks  in  true  dikelike 
form  at  various  angles,  and  they  are  not  broken  up,  thus  clearly 
indicating  their  distinctly  later  origin,  that  is,  after  the  solidifica- 
tion, or  at  least  almost  complete  solidification,  of  the  granite 
magma. 

Before  leaving  the  consideration  of  the  later  pegmatites,  the 
occurrence  of  magnetite,  hornblende,  and  pjrroxene  in  many  of 
them  should  be  briefly  discussed.  One  or  more  of  these  minerals 
may  be  observed  in  the  later  pegmatites  of  the  Lyon  Mountain 
quadrangle  in  many  places,  but  almost  invariably  only  where  the 
pegmatites  are  known  to  be  directly  associated  with  an  older 
hornblende  gneiss  or  gabbro,  though  not  all  the  pegmatites  thus 
associated  contain  one  or  more  of  the  minerals  mentioned.    The 
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field  evidence  strongly  points  to  a  derivation  of  these  minerals 
from  the  older  basic  rocks  by  the  pegmatites  during  their  intrusion. 
It  is  significant  that  more  or  less  magnetite  occurs  in  later  pegma- 
tites at  every  one  of  the  dozen  or  more  localities  from  which  mag- 
netic iron  ore  has  been  mined  in  the  Lyon  Mountain  quadrangle 
and  also  at  many  other  places.  A  few  of  the  more  typical  field 
occurrences  will  now  be  briefly  described. 

In  the  old  mine  at  Russia  Station  pink  granite  and  pegmatite 
have  been  intimately  injected  into  more  or  less  hornblende  gneiss 
(presumably  gabbro),  and  much  of  the  hornblende  has  been  altered 
or  recrystallized  into  green  monoclinic  pyroxene,  some  of  which 
occurs  locally  in  the  form  of  coarse  granular  masses  several  inches 
across.  Magnetite  is  variably  abundant  in  all  the  rocks,  but  it 
is  especially  so  in  the  coarser  pegmatites  and  the  silexite  of  later 
origin  which  occur  as  rather  well-defined  dikes.         , 

On  the  ridge  one  and  one-half  miles  northeast  of  Standish  a  very 
irregular  pegmatite  dike,  with  a  maximum  width  of  thirty  feet 
and  traceable  for  one  hundred  and  fifty  feet,  lies  in  contact  with 
gneissoid  gabbro.  The  pegmatite  is  moderately  coarse  to  very 
coarse  and  is  very  rich  in  magnetite,  many  masses  of  which  are 
from  one  to  three  inches  across.  Some  tongues  of  the  pegmatite 
rich  in  magnetite  cut  across  the  foliation  of  the  gabbro. 

On  Elbow  Hill  two  miles  east-northeast  of  Lyon  Mountain 
village  a  pegmatite  dike  ten  feet  wide  and  thirty  feet  long  is  di- 
rectly associated  with  a  mixture  of  granite  and  gneissoid  gabbro. 
This  pegmatite  is  practically  a  silexite,  being  very  rich  in  quartz 
and  low  in  feldspar,  and  it  contains  much  magnetite  in  masses  up 
to  several  inches  across.  The  magnetite  and  quartz  appear  to  be 
of  the  same  generation.  Some  of  the  more  ordinary  later  peg- 
matites close  by  contain  little  or  no  magnetite. 

In  one  of  the  ore  pits  near  the  western  end  of  the  main  workings 
at  Lyon  Moimtain  a  pegmatite  dike  from  one  to  two  feet  wide 
and  exposed  for  seventy-five  feet  rather  sharply  cuts  intricately 
mixed  pink  granite  and  hornblende  gneiss.  This  pegmatite  carries 
little  or  no  quartz,  but  it  does  contain  some  magnetite. 

By  the  river  one  nule  south-southeast  of  Moffitsville  later 
pegmatite  cuts  intricately  involved  granite  and  hornblende  gneiss, 
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the  pegmatite  containing  bunches  of  green,  monoclinic  pyroxene 
and  hornblende  which  look  like  inclusions  up  to  five  inches  across. 
The  pyroxene  developed  by  recr)retallization  of  some  of  the  horn- 
blende of  the  hornblende  gneiss  during  the  process  of  pegmatization 
for  all  stages,  from  bunches  and  lenses  of  pure  hornblende,  to 
mixtures  of  hornblende  and  pyroxene  not  sharply  separated,  to 
pure  pyroxene,  occurs  in  the  pegmatite.  Also,  in  thin  section  every 
stage  in  the  transformation  of  the  hornblende  to  pyroxene  has  been 
observed.  This  pegmatite  carries  some  magnetite  and  in  one  por- 
tion scattering  single  crystals  of  hornblende  up  to  one  inch  long,  and 
in  another  portion  crystals  of  pjrroxene  up  to  one-half  of  an  inch  long. 

Apliie  dikes. — ^Aplite  dikes  are  locally  developed  often  in  con- 
siderable niunbers  in  the  coarse  or  Hawkeye  type  of  granite.  It 
is  a  striking  fact  that  nowhere  in  the  quadrangle  were  aplite  dikes 
observed  in  the  typical  Lyon  Mountain  granite  which  contains 
such  a  profusion  of  pegmatites  and  silexites.  Possibly  this  is 
because  the  Lyon  Mountain  granite  is  itself  locally  rather  aplitic 
in  character.  Since  the  Hawkeye  granite  contains  relatively  few 
pegmatite  and  silexite  masses,  such  could  seldom  be  observed  in 
their  relations  to  the  aplites  in  single  outcrops.  Few  if  any  aplites 
occur  in  the  granitic  syenite  or  quartz  syenite.  It  should  here 
be  recalled  that  the  field  evidence  strongly  points  to  development 
of  the  Lyon  Moimtain  granite,  Hawkeye  granite,  granitic  syenite, 
and  quartz  syenite  from  a  single  intrusive  magma  in  the  Lyon 
Mountain  quadrangle. 

Nearly  all  the  aplites  of  the  quadrangle  are  in  the  form  of  more 
or  less  well-defined  dikes  which  are  very  imiform  in  composition, 
consisting  of  white  or  light-gray  potash  feldspar,  microperthite, 
and  quartz  with  almost  no  accessory  minerals.  In  a  few  cases 
dark  minerals  occur  in  moderate  amounts. 

Most  of  the  aplite  dikes  by  far  lie  more  or  less  perfectly  parallel 
to  the  foliation  of  the  coarse  granite,  but  a  considerable  number 
cut  across  the  foliation  at  various  angles.  Not  imcommonly  the 
cross-cutting  dikes  are  branches  of  those  which  are  parallel  to  the 
foliation.  Contacts  of  the  aplites  against  the  granite  are  rarely 
sharp,  though  the  transition  generally  takes  place  within  an  inch 
or  two.    Some  of  the  aplite  dikes,  more  especially  the  wider  ones, 
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exhibit  good  magmatic  flow-structure  foliation.  No  case  of  an 
aplite  dike  grading  into  pegmatite  was  observed,  though  one  ex- 
ample of  gradation  to  silexite  was  noted.  The  aplite  dikes  usually 
vary  from  one  or  two  to  several  feet  wide  and  ten  to  twenty-five 
feet  long,  but  some  are  considerably  larger. 

The  field  evidence  strongly  indicates  that  all  or  nearly  all  the 
aplites  developed  during  a  very  late  stage  of  the  consolidation  of 
the  Hawkeye  granite  magma,  as  shown  by  the  common  parallelism 
to  the  foliation  and  the  lack  of  very  sharp  contacts.  There  is 
no  evidence,  such  as  that  above  presented,  that  any  of  the  aplites 
formed  as  early  as  the  earliest  of  the  pegmatite  and  silexite  masses, 
and  there  is  positive  evidence  that  some,  and  strong  probability 
that  many,  of  the  latest  pegmatites  were  intruded  after  the  aplites. 
Considering  the  time  then  during  which  the  pegmatite  and  silexite 
masses  developed,  the  aplites  are  intermediate  and  the  length  of 
time  for  their  development  was  distinctly  shorter.  Descriptions 
of  a  few  selected  examples  will  serve  not  only  to  show  the  nature 
of  the  evidence  upon  which  the  foregoing  conclusions  are  based, 
but  also  to  bring  out  certain  other  features  of  interest. 

A  fine  display  of  aplite  dikes  may  be  seen  on  the  ridge  one-half 
of  a  mile  southeast  of  Hawkeye  post-office.  Contacts  against  the 
typical  coarse  granite  are  not  sharp,  but  the  transition  takes  place 
within  an  inch.  The  dikes  show  all  widths  up  to  three  feet.  Most 
of  them  roughly  follow  the  foliation  of  the  granite,  but  some  cut 
across  at  low  angles  and  a  few  at  high  angles.  One  dike  lies  at 
right  angles  to  the  foliation  for  about  fifteen  feet  and  then  grad- 
ually swings  into  parallelism  with  it.  A  few  rods  east  of  this 
locality  some  lenses  of  aplite  a  few  feet  long  occur  with  somewhat 
sharper  contacts  against  the  granite.  This  suggests  an  earlier 
development  of  aplite  masses,  either  as  segregation  masses  or  as 
dikes,  which  were  pulled  apart  and  somewhat  strung  out  in  the 
form  of  inclusions  in  the  still  moderately  fluid  magma.  On  the 
ridge  one-sixth  of  a  mile  northeast  of  the  first-named  locality  an 
aplite  dike  twelve  to  eighteen  inches  wide  and  exposed  for  forty 
feet  cuts  diagonally  across  the  foliation  of  the  coarse  granite  with- 
out sharp  contacts.  Almost  exactly  in  its  middle  there  are  two 
masses  of  silexite  fifteen  feet  long  and  a  few  inches  wide,  with  no 
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very  sharp  contacts  against  the  aplite.  This  silexite  r^ulted  from 
differentiation  practically  in  the  place  where  it  now  occurs. 

On  the  eastern  sununit  of  Howard  Mountain  an  aplite  dike 
about  one  foot  wide  lies  parallel  to  the  foliation  of  and  grades  into 
the  coarse  granite  on  one  side,  but  it  has  a  fairly  sharp  contact 
on  the  other,  this  latter  contact  evidently  being  a  result  of  some 
magmatic  flowage  along  the  border  of  the  aplite  after  its  develop- 
ment. 

On  the  hill  one  and  one-half  miles  southwest  of  Sugarbush 
post-office  a  distinctly  foliated  aplite  dike  with  a  maximum  width 
of  fifteen  feet  and  traceable  for  one  hundred  feet  pinches  out  at  one 
end  and  everywhere  grades  into  the  coarse  granite  within  an  inch, 

At  the  top  of  Averill  Peak  a  number  of  aplite  dikes  up  to  one 
foot  wide  lie  in  the  coarse  granite  parallel  to  its  foliation  and 
without  sharp  contacts.  Some  ordinary  pegmatites  of  the  late 
series  cut  right  across  these  aplites.  Several  aplite  masses  ten  to 
twenty  feet  long  occur  as  lenses  without  very  sharp  contacts  against 
the  granite. 

On  a  spur  of  Lyon  Mountain  one  mile  east-southeast  of  its 
simunit  a  nxmiber  of  aplite  dikes  from  one  to  two  feet  wide  mostly 
lie  roughly  parallel  to  the  foliation  of  the  coarse  granite,  but  some 
cut  across  at  various  angles.  These  dikes  carry  some  dark  minerals, 
are  without  sharp  contacts  against  the  granite,  and  are  usually 
foliated  parallel  to  their  borders.  Several  of  them  contain  distinct 
inclusions  of  the  coarse  granite  in  the  form  of  lenses  one  or  two 
feet  long,  without  sharp  contacts  against  the  aplite  and  parallel 
to  its  foliation.  The  granite  must  have  been  almost  or  quite 
solidified  before  the  aplitic  magma  entered. 

One-half  mile  north  of  the  last-named  locality  one  small  aplite 
dike  cuts  another  without  sharp  contacts  against  either  aplite  or 
coarse  granite.  Thus  there  were  two  distinct  intrusions  of  aplite 
not  far  apart  in  time. 

Conclusions  regarding  pegmatite,  silexite,  and  aplite  in  the  gran- 
ites,— Some  of  the  main  conclusions  from  the  foregoing  observations 
are  as  follows: 

I.  The  Lyon  Mountain  granite  and  the  Hawkeye  granite  are 
believed  to  have  developed  from  a  single  body  of  intruding  magma. 
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2.  The  Lyon  Mountain  granite  contains  a  great  profusion  of 
silexite  and  pegmatite  masses,  while  the  Hawkeye  granite  con- 
tains relatively  few. 

3.  The  Hawkeye  granite  contains  many  aplite  dikes,  but  none 
at  all  was  observed  in  the  typical  Lyon  Moimtain  granite. 

4.  By  far  the  greater  number  of  the  pegmatites,  both  the  earlier 
and  the  later  types,  consist  almost  wholly  of  quartz  and  alkalic 
feldspar.  With  a  few  local  exceptions  minerals  which  indicate 
the  former  presence*  of  mineralizers  other  than  water  vapor  are 
practically  absent. 

5.  Silexite  masses  began  to  develop,  probably  as  segregation 
products,  while  the  granite  magma  still  possessed  a  very  consider- 
able degree  of  fliddity,  and  they  continued  to  form  probably  both 
as  segregation  products  and  as  dikes,  until  the  inclosing  granite 
almost,  or  possibly  completely,  solidi&ed. 

6.  Pegmatite  masses  also  began  to  develop  well  before  the 
solidification  of  the  magma,  though  probably  not  as  early  as  the 
earliest  silexite  masses,  and  they  continued  to  form  until  almost, 
or  possibly  complete,  consolidation  of  the  inclosing  granite. 

7.  The  silexite  masses  represent  very  siliceous  fades  of  the 
p^matitic  development,  gradations  from  nearly  pure  silica  to 
ordinary  pegmatite  being  not  imcommon. 

8.  By  far  the  greater  number  of  the  pegmatites,  silexites,  and 
aplites  occur  within  the  parent  granites,  though  some  also  occur 
in  the  relatively  small  remnants  of  the  rocks  into  which  the  gran- 
ites were  intruded. 

9.  The  aplites  were  developed  during  a  late  stage  of  the 
magma  consolidation,  none  as  early  as  the  earliest  pegmatites  and 
silexites,  and  probably  none  as  late  as  the  latest  pegmatites. 
Some  aplites  cut  others,  thus  proving  intrusions  distinctly  different 
in  time. 

Authors  of  practically  all  the  standard  works  on  petrology 
definitely  regard  pegmatites  as  intrusions  into  the  already  solidified 
portions  of  the  magmas  from  which  they  were  formed.  Iddings' 
says  that  pegmatitic  liquid  may  be  made  to  ''flow  into  openings 
formed  by  the  fissuring  of  completely  solidified  parts  of  the  magma, 

*  J.  P.  IddiDgs,  Igneous  Rocks,  I  (1908),  272. 
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chiefly  the  outer  portions."  According  to  Harker,*  "the  pegma- 
tite may  in  any  case  be  regarded  as  representing  the  residual 
'mother  liquor'  at  the  end  of  the  process  of  crystallization." 
Pirsson'  states  that  pegmatite  dikes  form  "in  the  already  solidified 
parts  of  the  igneous  mass."  In  an  important  paper  on  the  origin 
of  pegmatite  Crosby  and  Fuller^  say:  "Pegmatite  is  the  end 
product  or  final  crystallization  of  the  original  magma."  Brogger* 
considers  certain  Norwegian  pegmatites  as  representing  the  last 
stage. of  the  consolidation  of  the  granite  magma.  Such  state- 
ments as  the  preceding  may  hold  for  many  of  the  pegmatites  and 
silexites  of  the  world,  but  the  writer's  conclusions  (Nos.  4  and  5 
above)  regarding  the  pegmatites  and  silexites  of  the  Lyon  Moxm- 
tain  district  are  notably  different,  that  is  to  say  both  pegmatite 
and  silexite  began  to  develop  while  the  parent  magma  was  still 
in  a  relatively  highly  fluid  state. 

It  is  also  commonly  stated  or  assumed  that  pegmatites  and 
silexites  always  developed  in  the  form  of  dikes.  But  from  the 
evidence  above  presented  for  the  Lyon  Mountain  district,  it  is 
concluded  that  many  of  the  pegmatite  and  silexite  masses,  espe- 
cially those  of  earlier  origin,  developed  as  magmatic  segregation 
products  because  they  formed  while  the  inclosing  granite  was  still 
magmatic  with  a  considerable  degree  of  fluidity,  and  it  is  diflicult 
if  not  impossible  to  imderstand  how  pegmatite  and  silexite  in  the 
form  of  true  dikes  could  have  intruded  such  a  magma. 

For  the  comparatively  few  districts  in  which  silexites  have 
been  carefully  studied  it  is  commonly  held  that  where  pegmatite 
and  silexite  have  both  developed  from  a  granite  magma  the 
silexite  solidified  last.  Aslddings^  says:  "The  association  of  these 
quartz  rocks  with  pegmatite  is  such  that  in  many  instances  they 
appear  to  be  portions  of  the  magma  segregated  from  the  rest  and 
the  last  to  crystallize."    Spurr*  reaches  the  same  conclusion  after 

« A.  Harker,  The  Naiural  History  of  the  Igneous  Rocks  (1909),  p.  296. 

*  L.  V.  Pirsson,  Rocks  and  Rock  Minerals  (1909),  p.  175. 

>  W.  Crosby  and  M.  FuUer,  Amer.  Geol.,  XDC  (1897),  165. 

*  W.  C.  Brogger,  ZeU.  fiir  Kryst,,  XVI  (1890). 
s  J.  P.  Iddings,  Igneous  Rocks,  II  (1913),  28. 

*  J.  E.  Spurr,  U.S,  Geol,  Surv.,  Prof,  Paper  55  (1906),  p.  115. 
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a  careful  study  of  the  quartz  of  magmatic  origin  in  the  Silver  Peak 
district  of  Nevada.  In  the  Lyon  Moxintain  district,  however,  the 
writer  finds  that  silexite  masses  began  to  develop  not  only  well 
before  the  consolidation  of  the  parent  granite  magma,  but  also 
apparently  even  before  the  earliest  of  the  pegmatites. 

It  is  also  a  matter  of  common  record  that  pegmatites  are 
either  absent  from,  or  relatively  imcommon  in,  their  parent  igneous 
body,  while  they  are  relatively  abxmdant  in  the  coxmtry  rocks. 
Grout*  has  recently  dted  a  nimiber  of  the  many  well-known  exam- 
ples. In  the  Lyon  Moimtain  district,  however,  pegmatite  and 
silexite  masses  are  extremely  abxmdant  in  the  parent  granite, 
and  they  are  certainly  not  more  common  in  the  relatively  small 
portions  of  the  intruded  coxmtry  rocks  which  still  remain. 

Finally  many  districts  show  ordinary  pegmatite  dikes  close 
to  or  in  the  granite,  and,  traced  outward  into  the  coxmtry  rocks, 
the  pegmatites  become  more  and  more  siliceous,  being  practically 
silexite  dikes  or  quartz  veins  farthest  out.  As  Pirsson'  says: 
"Finally  passing  onward  the  solution  phase  might  become  more 
pronoxmced,  only  silica  woxild  be  carried,,  and  the  dike  turn  into 
a  qxiartz  vein."  Van  Hise,^  in  the  Black  Hills,  and  Emerson,^ 
in  western  Massachusetts,  foxmd  pegmatite  dikes  in  schist  near 
granite,  and  farthest  out  silexite  dikes  or  quartz  veins.  But  in 
the  Lyon  Moxmtain  district  such  a  relationship  does  not  hold, 
since  typical  pegmatites  and  silexites  in  many  places  occur  side 
by  side  in  the  parent  granite,  and  in  some  cases  both  form  parts 
of  individxial  dikes  or  segregation  masses. 

PEGMATITES  IN  THE  GABBRO  OF  THE  NORTH  CREEK  QUADRANGLE 

Some  years  ago  the  gabbro  masses  of  the  North  Creek  qxiad- 
rangle  were  discxissed  at  considerable  length  by  the  writer.*  The 
very  coromon  if  not  constant  close  association  of  pegmatites  with 

« F.  F.  Grout,  Ectm.  Ged,,  XJH  (1918),  180-90. 

*  L.  V.  PiissoQ,  Rocks  and  Rock  Minerals  (1909),  p.  180. 

*  C.  R.  Van  Hisc,  U^.  Geol.  Surv,,  Man,  47  (1904)^  p.  7^4. 
4  B.  K.  Emerson,  U^,  Geol.  Surv.,  Folio  50, 1896. 

«  W.  J.  Miller,  Jour.  Geol.,  XXI  (1913),  160-80;  N.Y.  State  Mus.,  Butt.  170  (1914), 
pp.  26-28. 
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the  gabbro  was  then  mentioned,  but  no  special  study  of  the  peg- 
matites was  made.  In  1918  the  region  was  revisited,  and  the 
relations  of  the  pegmatites  to  the  gabbro  were  studied  in  detail. 
The  gabbro  nearly  always  occurs  in  the  form  of  stocks  or  bosses 
with  roxmded  or  elliptical  groxmd  plans.  The  stocks  range  in 
length  from  a  few  rods  to  about  a  mile  and  in  width  up  to  three- 
fourths  of  a  mile.  That  most  if  not  all  of  the  gabbro  stocks  are 
yoimger  than  the  syenite-granite  series  is  proved  by  the  many 
observed  sharp  contacts  often  crossing  the  foliation  of  the  syenite 
or  granite,  by  many  inclusions  of  syenite  and  granite  in  the  gabbro, 
and  by  some  dikes  of  gabbro  which  extend  into  the  syenite-granite 
series. 

The  field  evidence  strongly  points  to  the  mode  of  occurrence 
of  the  gabbro  as  pluglike  or  pipelike  forms*  with  nearly  vertical 
boxmdaries.  Much  of  the  gabbro  is  of  the  quite  typical  sort, 
consisting  chiefly  of  basic  plagioclase,  some  orthoclase,  hornblende, 
and  hypersthene,  together  with  almost  constant  small  amounts 
of  ilmenite  (or  magnetite),  biotite,  garnet,  and  pyrite,  and  some 
other  accessory  minerals.  An  ophitic  texture  is  often  well  exhib- 
ited. Many  of  the  stocks  have  foliated  portions,  especially  the 
borders,  which  are  hornblende  gneiss  or  amphibolite. 

The  pegmatites  are  mostly  coarse-grained,  consisting  chiefly 
of  potash  feldspar  and  quartz,  but  with  plagioclase  important  in 
some  cases,  muscovite  and  black  tourmaline  usually  present,  and 
biotite  and  hornblende  not  rare.  Practically  no  other  minerals 
occur.  The  masses  of  pegmatite  exist  in  all  sizes  up  to  two  hundred 
or  more  feet  long  and  fifty  or  more  feet  wide. 

Very  few  of  the  many  conspicuous  bodies  of  pegmatite  of  the 
kind  just  described  were  observed  apart  from  masses  of  gabbro 
in  the  North  Creek  quadrangle,  and  possibly  even  these  few  may 
not  be  real  exceptions,  because  the  adjacent  rocks  are  not  always 
wholly  known  on  accoimt  of  lack  of  exposures.  Pegmatites  of 
any  kind  are  relatively  scarce  in  the  syenite-granite  series.  Since 
most  or  all  of  the  gabbro  stocks  are  yoimger  than  the  syenite- 
granite,  and  since  so  many  of  the  coarse,  acidic  pegmatites  either 
cut  the  gabbros  or  are  at  least  geneticdly  related  to  them  (see 
below),  it  follows  that  such  pegmatites  must  be  distinctly  younger 
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than  the  syenite-granite  series.  Pegmatites  seldom  if  ever  occur 
well  within  the  larger  areas  of  gabbro^  and  it  seems  that  they  formed 
as  satellites  of  the  gabbro  mostly  in  the  marginal  portions  of  the 
stocks  and  to  some  extent  at  least  in  the  closely  adjacent  rocks. 
There  are  two  features  of  special  interest  regarding  these 
pegmatites:   first,  that  they  are  satellitic  developments  of  rather 
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Fig.  7. — Sketch  showing  the  relations  of  seveial  fades  of  pegmatite  to  gabbro 
at  the  northeastern  edge  of  the  stock  on  the  hill  one  mile  south-southeast  of  the  Glen 
in  the  North  Creek  quadrangle. 


basic  gabbro,  and,  secondly,  that  the  evidence  strongly  points  to 
the  development  of  many  of  them  while  the  parent  magma  still 
possessed  a  considerable  degree  of  fluidity.  The  following  de- 
scriptions and  figures  of  selected  examples  will  serve  to  make  clear 
the  principal  phenomena  of  the  pegmatites  in  their  relations  to 
the  gabbros. 

One  of  the  best  places  in  the  North  Creek  quadrangle  to  study 
the  relation  of  pegmatite  to  the  typical  gabbro  is  at  the  top  of  the 
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hill  one  mile  south-southeast  of  the  Glen.  The  gabbro  stock, 
which  is. one-fourth  of  a  mile  long,  shows  a  number  of  pegmatitic 
satellites,  and  that  it  is  younger  than  the  surroxmding  granite  is 
proved  by  several  inclusions  of  the  latter.  Figure  7  illustrates 
the  relations  of  several  fades  of  the  pegmatite  to  the  gabbro  near 
the  northeastern  edge  of  the  stock.  Crystals  in  any  of  the  peg- 
matite seldom  reach  lengths  of  an  inch.  The  acidic  pegmatite 
with  quartz  carries  biotite,  and  it  grades  perfectly  into  the  rather 
addic  pegmatite  without  quartz  but  with  hornblende.  In  both 
of  these  fades  of  the  pegmatite  the  chief  feldspar  is  oligoclase  to 
oligodase-albite.  Contacts  against  the  gabbro  are  usually  rather 
sharp.  The  more  basic  pegmatite,  which  consists  chiefly  of  basic 
plagioclase  and  hornblende  with  some  magnetite,  shows  no  sharp 
contact  against  either  the  addic  pegmatite  or  the  gabbro.  That 
the  various  fades  of  the  pegmatite  formed  while  the  gabbro  magma 
was  still  in  a  distinctly  fluid  condition  is  considered  to  be  proved, 
not  only  by  the  presence  of  well-defined  indusions  of  the  pegmatite 
mostly  parallel  to  the  magmatic  flow-structure  of  the  gabbro, 
but  also  by  the  strong  tendency  of  the  fluxion  structure  of  the 
gabbro  to  wrap  arotmd  the  indusions  and  to  conform  to  the  sides 
of  the  large  body  of  pegmatite.  Quite  clearly  the  molten  gabbro 
intruded  and  more  or  less  broke  up  the  already  consolidated  peg- 
matite which  had  probably  developed  as  a  magmatic  segregation 
mass.  The  basic  pegmatite  may  have  developed  somewhat  later 
than  the  other,  as  suggested  by  the  lack  of  anything  like  sharp 
contacts  against  the  gabbro,  but  even  this  pegmatite  formed  while 
the  gabbro  was  still  fluid  enough  to  develop  a  fluxion  structure 
alongside  the  pegmatite. 

Near  the  middle  western  edge  of  the  same  gabbro  stock  a 
pegmatite  mass,  with  a  maximum  width  of  twenty-five  to  thirty 
feet  and  an  exposed  length  of  about  one  hundred  feet,  shows  rela- 
tions notably  different  from  those  on  the  opposite  side  of  the  stock 
above  described.  Some  of  the  features  are  brought  out  by  Fig.  8. 
Toward  one  side  of  the  general  body  of  pegmatite  a  mass  of  practi- 
cally pure  silica  (silexite)  has  imbedded  in  it  many  rather  imperfect 
crystals  of  black  tourmaline  which  mostly  range  in  length  from  one 
to  ten  inches.  This  small  mass  is  surrounded  by  very  coarse  pegma- 
tite made  up  chiefly  of  potash  f ddspar  and  quartz  with  a  little  tour- 
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maline,  the  feldspars  reaching  lengths  of  a  foot  or  more.  Inclosing 
both  masses  just  mentioned  is  a  body  of  coarse  pegmatite,  which 
is  the  most  abundant  fades  of  the  rock.  The  feldspar  all  seems 
to  be  orthoclase  in  crystals,  with  maximum  lengths  of  six  or  eight 
inches.  Quartz  is  abundant,  and  hornblende  crystals  up  to  several 
inches  long  are  fairly  common.  There  are  also  exceptionally  fine 
graphic  intergrowths  of  tourmaline  and  quartz  in  masses  from  a 
few  inches  to  a  foot  or  more  across  (Fig.  6C).  Along  one  side  of 
the  coarse  pegmatite  there  is  a  zone  roughly  five  or  six  feet  wide 
of  only  moderately  coarse  pegmatite  which  consists  chiefly  of 
potash  feldspar  and  quartz  with  some  acidic  plagioclase  and 
biotite.  Adjacent  to  this  moderately  coarse  pegmatite  and  form- 
ing the  outside  of  the  whole  mass  of  pegmatite  on  one  side  is  a 
zone  several  feet  wide  of  moderately  coarse  pegmatite  made  up 
very  largely  of  plagioclase  which  contains  some  microcline  as 
graphic  intergrowths  and  a  little  quartz.  This  plagioclase  zone 
merges  into  the  true  gabbro  through  a  zone  about  a  foot  wide. 
None  of  the  five  fades  of  pegmatite  just  described  are  at  all  sharply 
separated  from  each  other,  and  they  are  very  dearly  phases  of 
a  single  pegmatite  body.  The  relation  of  th§  pegmatite  to  the 
gabbro  on  the  opposite  side  of  the  whole  body  of  pegmatite  is  not 
so  well  shown,  but  there  appears  to  be  a  gradation  within  an  inch 
or  two.  On  either  side  of  the  pegmatite  body  the  gabbro  is  non- 
foliated.  Similar  relations  to  the  gabbro  are  exhibited  where  the 
pegmatite  body  extends  fifty  feet  northeastward,  ending  in  broad 
tongues  in  the  gabbro.  There,  however,  the  plagioclase  zone  is 
seven  or  dght  feet  wide,  and  it  contains  considerable  quartz  and 
some  biotite.  One  mass  of  gabbro  five  feet  across  is  surrounded 
by  pegmatite  with  a  fairly  sharp  contact  on  one  side  and  a  grada- 
tion oh  the  other. 

The  assumptions  that  this  whole  body  of  pegmatite  was  a 
distinctly  later  satellitic  development  of  the  gabbro  than  that 
above  described  as  occurring  on  the  opposite  side  of  the  same 
stock,  that  the  gabbro  must  have  been  almost  or  quite  solidified 
before  it  formed,  and  that  the  five  fades  of  the  pegmatite  were 
probably  formed  by  some  sort  of  differentiation  practically  in  the 
place  of  their  present  occurrence  are  evidenced  by  the  following 
facts:  gradatipn  of  the  borders  of  the  pegmatite  into  the  gabbro, 
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an  inclusion  of  the  gabbro  in  the  pegmatite,  lack  of  magmatic 
flow-structure  foliation  in  the  gabbro  near  the  pegmatite,  and 
perfect  gradation  from  one  fades  of  the  pegmatite  into  another. 
Along  the  northwestern  side  of  the  same  gabbro  stock  there 
are  several  small  pegmatite  masses,  one  with  fairly  sharp  contacts 
and  the  other  without.  Also  a  nimiber  of  rather  rounded  masses 
of  basic  pegmatite  (chiefly  plagioclase  and  hornblende)  from  one 
to  several  feet  across  appear  to  be  inclusions,  with  fairly  sharp 
contacts,  in  foliated  gabbro.    Such  pegmatite  must  have  formed 
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Fig.  8. — Sketch  showing  seveial  fades  of  pegmatite  in  the  gabbro  at  the  western 
edge  of  the  stock  on  the  hill  one  mile  south-southeast  of  the  Glen  in  the  North  Creek 
quadrangle. 

while  the  gabbro  was  still  molten.  A  few  rods  farther  north  a 
small  dike  of  acidic  pegmatite  with  rather  sharp  contacts  has  an 
aplitic  offshoot  three  inches  wide  which  bears  off  abruptly  for 
twelve  feet  into  non-foliated  gabbro,  with  fairly  sharp  contacts 
against  the  latter. 

On  the  southern  side  of  the  small  stock  one  and  one-fourth 
miles  north  of  the  Glen  several  moderately  coarse  acidic  pegmatite 
masses  from  three  to  twelve  feet  long  lie  in  the  gabbro,  with  fluxion 
structure  of  the  latter  parallel  to  the  borders  of  the  pegmatite, 
but  only  close  to  them.  Contacts  against  the  gabbro  are  rather 
sharp.  Well  within  the  stock  several  small  inclusions  of  the 
country  rock  (granite)  also  lie  in  the  gabbro  parallel  to  a  magmatic 
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flow-structure  foliation  of  the  latter.  Clearly,  then,  these  acidic 
pegmatites  are  not  only  satellites  of  the  gabbro  but  also  formed, 
probably  by  magmatic  segregation,  well  before  the  gabbro  magma 
was  consolidated.  Another  body  of  pegmatite  about  six  feet  wide 
in  this  gabbro  grades  into  a  mass  of  practically  pure  silica  (silexite) 
four  feet  long. 

A  large  body  of  pegmatite  exposed  for  two  hundred  and  fifty  feet 
lies  on  the  east  side  of  the  gabbro  stock  near  the  top  of  the  hill  three 
and  one-half  miles  south-southeast  of  Chestertown.  This  pegmatite 
is  mostly  orthoclase  and  quartz  in  masses  up  to  a  foot  or  more  across, 
together  with  considerable  muscovite,  biotite,  and  tourmaline  in 
masses  up  to  several  inches  across.  In  an  old  mine  pit  a  moder- 
ately coarse  fades  of  this  pegmatite  containing  some  plagioclase  is 
intricately  involved  with  a  highly  foliated  feldspar-biotite  schist 
phase  of  the  gabbro  which  grades  perfectly  through  a  fine-grained 
foliated  gabbro  into  normal,  medium-grained,  non-foliated  gabbro. 
The  zone  of  mixed  rocks,  which  is  forty  to  fifty  feet  wide,  contains 
many  long  lenses,  strips,  and  irregular  masses  of  pegmatite  arranged 
roughly  parallel  to  the  fluxion-structure  foliation  of  the  schistose 
fades  of  the  gabbro.  Evidently  this  pegmatite,  which  developed 
as  an  early  satellitic  fades  of  the  gabbro  magma,  was  more  or  less 
broken  up  and  involved  with  the  yet  molten  gabbro. 

Two  miles  southeast  of  Chestertown  a  gabbro  stock  with  highly 
foliated  fades  not  only  contains  indusions  of,  but  also  sends  dikes 
into,  the  granite  porph)rry  coxmtry  rock.  At  its  north  end  the 
foliation  of  the  gabbro  perfectly  conforms  to  the  rather  irregular 
side  of  a  large  mass  of  pegmatite,  which  latter  is  cut  by  well- 
foliated,  fine-grained  gabbro  in  the  form  of  dikes  up  to  eight  feet 
long,  one  of  these  dikes  ending  in  a  feldspar-biotite  schist.  A 
dike  of  similar  fine-grained  gabbro  not  over  six  inches  wide  cuts 
the  granite  for  thirty  feet.  In  this  case  it  seems  certain  that  the 
pegmatite  must  have  formed  well  before  the  solidification  of  the 
parent  gabbro,  because  the  pegmatite  was  intruded  by  the  molten 
gabbro. 

At  the  top  of  Hackensack  Mountain  near  Warrensburg  a  dike 
of  the  gabbro  clearly  cuts  syenite,  and  the  fluxion  structure  of  the 
gabbro  conforms  to  the  borders  of  a  small  mass  of  included  peg- 
matite. 
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Conclusions  regarding  pegmatites  associated  with  gdbhro. — ^From 
many  occurrences  like  the  examples  above  described  it  is  concluded 
that  acidic  masses  ranging  from  pegmatite  rich  in  potash  feldspar 
and  quartz,  with  or  without  tourmaline,  to  pegmatite  which  is 
mostly  potash  feldspar,  to  pegmatite  rich  in  acidic  plagioclase 
with  or  without  quartz,  to  basic  pegmatite  which  consists  either 
of  basic  plagioclase  and  hornblende  or  nearly  all  basic  plagioclase, 
to  aplite  dikes,  and  even  to  nearly  pure  silica  (silexite),  developed 
as  satellites  of  the  stocks  of  normal  gabbro.  It  is  also  concluded 
that  the  development  of  pegmatite  began  while  the  gabbro  was  still 
notably  fluid,  and  that  it  continued  until  it  had  almost  or  completely 
solidified.  Accordingly  it  seems  necessary  to  regard  the  earlier- 
formed  pegmatite  masses  to  have  developed  as  segregation  masses 
rather  than  as  true  dikes. 

It  is  possible,  as  maintained  by  Grout'  for  the  Duluth  gabbro, 
that  some  development  of  pegmatite  may  have  taken  place  before 
the  beginning  of  crystallization  of  the  gabbro  magma,  but  the 
evidence  in  the  North  Creek  district  is  not  conclusive.  Many  of 
the  North  Creek  pegmatites  differ  from  the  Duluth  pegmatites 
in  one  important  respect,  namely,  that  they  developed  as  satellites 
of  the  gabbro  late  in  the  stages  of  magma  consolidation,  some  of 
them  probably  even  after  complete  solidification. 

Such  a  profuse  development  of  so  many  kinds  of  pegmatites 
from  gabbro  bodies  is  not  in  agreement  with  the  commonly  held 
view  as  stated  by  Weinschenk,  who  says  that  pegmatites  "are 
relatively  rare  with  plagioclase  rocks,"  and  "the  more  basic  the 
plutonic  rock,  the  simpler  are  its  satellites."* 

Grout's  work  on  the  origin  of  the  pegmatites  of  the  Duluth 
gabbro  and  the  writer's  work  on  the  origin  of  the  pegmatites  of 
the  granites  of  the  Lyon  Mountain  district  and  of  the  gabbro  of 
the  North  Creek  district  clearly  show  that  many  of  the  pegmatites 
of  those  districts  are  not,  as  is  so  commonly  stated  for  other  regions, 
to  be  regarded  as  intrusions  into  already  solidified  portions  of  the 
magma  from  which  they  were  derived. 

«  F.  F.  Grout,  Econ.  Geol.,  XIII  (1918),  190-^2. 

'  E.  Weinschenk- Johannsen,  Fundamental  Principles  (19 16),  p.  142. 
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WAS  THERE  A  "CORDILLERAN  GLACIER''  IN  BRITISH 

COLUMBIA? 


J.  B.  TYRRELL 
Toronto,  Canada 


In  August,  1888,  the  late  Dr.  G.  M.  Dawson,  then  assistant 
director  of  the  Geological  Survey  of  Canada,  published  in  the  Geo- 
logical Magazine  a  paper  entitled  "Recent  Observations  on  the 
Glaciation  of  British  Columbia  and  Adjacent  Regions,"  in  which 
he  states  that 

the  examination  of  this  northern  region  may  now  be  considered  to  have 
established  that  the  main  gathering-groimd  or  nM  of  the  great  Cordilleran 
Glacier  of  the  west  coast,  was  included  between  the  fifty-fifth  and  fifty-ninth 
parallels  of  latitude  in  a  region  which,  so  far  as  explored,  has  proved  to  be  of 
an  exceptionaUy  mountainous  character.  It  would  further  appear  that  this 
great  glader  extended,  between  the  Coast  Range  and  the  Rocky  Moimtains, 
southeastward  nearly  to  latitude  48**,  and  northwestward  to  latitude  63**, 
or  beyond,  while  sending  also  smaller  streams  to  the  Pacific  Coast. 

In  a  subsequent  paper'  published  in  the  American  Geologist 
for  September,  1890,  he  writes  of  his  conclusions  derived  from  his 
geological  explorations  in  British  Columbia  as  follows: 

Having  thus  surrounded  the  area  of  this  great  glader,  it  was  proposed  to 
name  it  the  Cordilleran  Glacier  in  order  to  distinguish  it  from  the  second  and 
larger  ice-cap  by  which  the  northeastern  part  of  the  continent  was  at  the 
same  period  more  or  less  completely  covered. 

The  Cordilleran  Glacier,  as  thus  defined,  had,  when  at  its  maximimi 
development,  a  length  of  nearly  1,200  miles.  The  main  gathering-ground 
or  nM  of  the  mer  de  glace  was  contained  approximately  between  the  fifty- 
fifth  and  fifty-ninth  parallels  of  north  latitude,  that  part  of  the  ice  which 
flowed  northwestward  having  a  length  beyond  these  limits  of  350  miles, 
that  which  flowed  in  the  opposite  direction  a  length  of  about  600  miles. 

In  another  place  in  the  same  paper  he  says: 
The  width  of  this  (Cordilleran)  zone  is  about  400  miles,  and  on  one 
side  of  it  lies  the  wide  area  of  the  Great  Plains,  on  the  other  the  Pacific 

'"On  the  Glaciation  of  the  Northern  Part  of  the  Cordillera,"  by  George  M. 
Dawson,  Am,  Geol.,  September,  1890,  pp.  153-62. 
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Ocean This  part  of  the  Cordillera  of  the  West  was,  in  the  Glacial 

period,  covered  by  a  great  confluent  glader-mass. 

In  a  longer  paper,  published  in  the  same  year  in  the  Trans- 
actions of  the  Royal  Society  of  Canada  (Vol.  8,  Sec.  4,  pp.  3-74), 
he  reiterated  his  belief  in  this  glader,  and  gave  a  map  showing 
its  extent  from  the  Yukon  Territory  down  to  an  irregular  line 
south  of  latitude  49**. 

Last  smnmer  my  mining  duties  called  me  to  British  Columbia 
and  I  traveled  by  the  Grand  Trunk  Pacific  Railway,  stopping  off 
at  Prince  George,  which  is  on  the  interior  plateau  of  the  province, 
just  south  of  latitude  54**  north,  and  80  or  90  miles  in  a  direct 
line  southwest  of  the  eastern  range  of  the  Rocky  Mountains. 
Its  elevation  is  1,862  feet  above  sea-level.  From  Prince  George 
I  descended  the  Fraser  River,  a  distance  of  about  70  miles  in  a 
straight  line,  to  Quesnel,  which  lies  at  an  elevation  of  1,570  feet 
above  sea-level,  and  from  there  went  eastward  50  miles  to  the  old 
gold-mining  district  of  Cariboo,  which  is  at  an  elevation  of  about 
4,000  feet  above  sea-level.  During  this  time  I  was  in  the  middle 
of  the  region  of  which  Dr.  Dawson  writes  "that  the  ice  reached  a 
general  thickness  of  2,000  to  3,000  feet  above  even  the  higher 
tracts  of  the  plateau,  while  it  must  have  attained  a  thickness  of 
over  6,000  feet  above  the  main  river  valleys  and  other  principal 
depressions  of  the  surface."'  It  was  therefore  natural  for  me  to. 
look  for  evidence  of  intense  ice  action  such  as  may  be  seen  in 
valleys  cutting  through  or  descending  from  the  Coast  Range  of 
this  western  province,  but  such  evidence  was  conspicuously  absent. 

The  Fraser  River  flows  in  a  direction  a  little  east  of  south  in 
the  bottom  of  a  great  wide  valley,  with  high  rugged  mountains 
in  the  distance  both  to  the  east  and  west,  this  valley  being  simply 
the  lowest  part  of  the  great  interior  plateau  of  British  Columbia. 

On  the  eastern  side  of  this  valley  or  plateau,  and  on  the  west- 
em  slopes  of  the  mountains  which  define  its  eastern  rim,  is  the 
Cariboo  district  in  which  marvelously  rich  placer  mines  were 
discovered  and  worked  in  the  early  sixties  of  last  century.  The 
rocks  composing  the  moimtains  are  pre-Cambrian  or  Cambrian 
seridtic  and  chloritic  schists.    Deep,  narrow  valleys  carry  streams 

'  Am.  Geol.f  September,  1890,  p.  155. 
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down  from  the  sides  of  these  mountains,  and  gold  was  found  in 
gravel,  and  in  bedrock  beneath  the  gravel,  in  the  bottom  of  these 
valleys.  Much  of  the  gold  occurred  in  pregladal,  or  Pliocene, 
gravels  that  had  been  buried  imder  a  bed  of  massive  bowlder 
clay,  holding  many  glaciated  pebbles  and  bowlders.  Immedi- 
ately under  the  bowlder  day  is  often  a  stratified  deposit  of  fine 
quicksand  or  slimy  silt,  locally  known  as  "slum,"  which  is  a  seri- 
dtic  silt  that  was  washed  from  the  decomposed  surface  of  the  rock 
by  gladal  streams  before  the  advancing  glaciers  themselves  had 
reached  so  far  down  the  valleys. 

It  was  in  the  latter  part  of  the  month  of  May,  and  snow  still 
covered  the  tops  of  the  ridges  when  I  was  in  the  district.  Though 
I  saw  many  rock  exposures,  but  one,  a  quartz  vein,  had  preserved 
glacial  grooves  and  striae.  This  vein  was  on  the  north  side  of 
the  valley  of  Lightning  Creek,  one  of  the  principal  streams  of  the 
district,  and  i,ooo  feet  above  the  bottom  of  the  valley,  or  4,800 
feet  above  the  sea.  The  markings  ran  N.  45®  W.  (true),  which  was 
roughly  parallel  to  the  course  of  the  valley,  and  the  direction  of 
motion  of  the  ice  was  quite  clearly  indicated  by  some  rock  cliffs 
in  the  vicinity. 

As  Lightning  Creek  Glader  moved  down  the  valley  it  removed 
loose  material  from  the  lateral  slopes  and  deposited  some  of  it  in 
the  tributary  gulches,  thus  covering  the  bottoms  and  the  upper 
sides  of  these  gulches.  After  the  glacier  had  retired  and  dis- 
appeared, the  drainage  of  the  country  was  re-established  in  the 
same  gulches  as  before,  but  on  top  of  the  bowlder  clay  left  by  the 
glader  and  farther  down  the  stream,  so  that  when  the  gold  miners 
wanted  to  find  the  deeper  pregladal  channels  of  the  gulches 
they  were  obliged  to  explore  for  them  in  an  easterly  direction  or 
up  the  main  stream.  In  the  valleys  of  Slough  Creek  and  Willow 
River  similar  conditions  prevail  with  regard  to  the  lateral  gulches, 
as  doubtless  local  valley  gladers  also  moved  westward  and  north- 
westward down  these  valleys. 

Well-marked  moraines  are  present  in  many  of  the  valleys, 
conspicuous  among  them  being  a  large  hilly  moraine  in  the  valley 
of  Slough  Creek  below  Jack-of-Clubs' Lake,  and  a  similar  lumpy, 
pitted  moraine  in  Lightning  Creek  Valley  below  Stanley. 
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Hydraulic  operations  have  exposed  excellent  sections  of  bowlder 
clay  in  a  number  of  places,  and  there  is  only  one  bowlder  clay, 
namely  that  of  the  valley  gladers.  I  am  quite  satisfied  that  the  only 
glaciation  that  has  ever  prevailed  in  this  country  was  the  local  gla- 
ciation  from  the  adjoining  moimtains. 

After  spending  a  few  days  in  the  district  we  returned  west- 
ward along  the  wagon  road  to  Quesnel.  This  road  follows  the 
bottom  of  the  valley  of  Lightning  Creek  Valley  for  15  miles  or 
more,  then  crosses  a  sand  and  gravel  plain,  after  which  it  descends 
into  the  valley  of  Cottonwood  River.  In  this  distance  very  little 
rock  is  exposed,  and  there  is  but  little  evidence  of  glaciation, 
except  one  or  two  local  moraines.  On  Cottonwood  River,  near 
the  bridge,  basic  igneous  rocks  occur,  probably  cutting  the  Oligo- 
cene  conglomerates,  but  I  was  unable  to  find  any  evidence  of 
glaciation  on  them. 

Five  or  six  miles  farther  west  the  road  crosses  a  limipy  moraine 
dotted  with  small  lakes,  and  a  short  distance  farther  west  it  skirts 
a  low  rounded  hill  of  porphyritic  red  granite,  the  surface  of  which 
shows  strong  glacial  markings  running  N.  15**  W.,  the  direction 
•  being  clearly  indicated  by  the  rounded  stoss  and  broken  lee  sides 
of  the  knolls.  As  seen  from  this  hill  the  view  to  the  southward 
is  up  the  wide  valley  of  the  Quesnel  River,  and  it  is  evident  that 
the  glacier  which  formed  the  markings  on  the  rock  descended 
this  valley.  The  moraine  just  crossed  was  also  doubtless  formed 
by  the  same  glacier.  Though  a  careful  examination  was  made  of 
the  exposed  rock  no  scoring  or  polishing,  other  than  that  caused 
by  the  one  glacier,  could  be  found.  From  this  rocky  hill,  which 
is  at  an  elevation  of  3,200  feet  above  the  sea,  our  course  was  west- 
ward for  about  14  miles  to  the  village  of  Quesnel  on  the  east  bank 
of  Fraser  River.  Throughout  this  distance  no  rock  was  seen,  the 
surface  being  mostly  composed  of  sand  and  gravel  arranged  in  wide 
terraces,  though  bowlder  clay  was  occasionally  recognized. 

Fraser  River  itself,  between  Prince  George  and  Quesnel,  is 
a  large  stream  which  has  cut  out  a  winding,  gorgelike  valley. 
Above  Quesnel  as  far  as  Cottonwood  Canyon  the  banks  are 
steep,  often  abnost  vertical,  and  are  composed  of  horizontally 
stratified  conglomerate  and  soft  sandstones  of  Miocene(?)  age. 
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As  seen  from  the  river  the  banks  rise  to  a  horizontal  plain,  which 
extends  eastward  and  westward  for  an  indefinite  distance.  Here 
and  there  as  many  as  five  diflferent  terraces  might  be  counted  one 
above  the  other  on  the  insides  of  some  of  the  bends,  but  altogether 
the  valley  has  a  very  juvenile  appearance.  It  is  clearly  pre- 
glacial,  for  bowlder  clay  may  be  seen  resting  on  its  sloping  sides 
and  lying  on  some  of  its  terraces.  In  some  places,  where  it  has 
been  partly  filled  by  bowlder  clay  during  the  glacial  period,  the 
channel  has  been  re-excavated  to  about  its  previous  depth.  Near 
the  top  of  its  banks  beds  of  bowlder  clay  are  here  and  there  inter- 
stratified  with  layers  of  sand,  some  of  which  have  been  crumpled, 
giving  evidence  that  glaciers  from  the  mountains  to  Jthe  east  or 
west  descended  into  lakes  which  then  existed  in  the  bottom  of  the 
valley,  and  squeezed  up  the  beds  of  gravel  and  sand  that  had  just 
been  deposited  in  those  lakes. 

Above  Cottonwood  Canyon  the  valley  maintains  the  same 
general  character  as  below  it,  with  steep  banks  rising  to  the  adjoin- 
ing plain,  but  in  addition  to  the  Miocene(?)  conglomerates,  etc., 
schistose  rocks,  similar  to  the  Cariboo  schists,  outcrop  here  and 
there,  while  at  still  other  places  the  banks  are  composed  of  strati- 
fied sand  or  clay  of  glacial  or  postglacial  age. 

It  is  impossible  to  imagine  such  a  winding,  gorgelike  valley  as 
this  of  the  Fraser  River,  with  its  short  curves,  and  with  the  rela- 
tively sharp  angles  where  its  steep  sides  meet  the  surrounding 
plain,  continuing  to  exist  after  a  great  continental  glacier  many 
thousands  of  feet  in  thickness  has  passed  along  it.  Its  appearance 
is  quite  different  from  that  of  such  of  the  British  Columbia  valleys 
as  have  undoubtedly  been  occupied  by  great  glaciers.  On  the 
contrary  it  has  a  strong  topographic  resemblance  to  the  Yukon 
Valley  near  Dawson  City,  where  the  river  flows  through  an  unglaci- 
ated  part  of  the  Yukon  Plateau,  which  is  a  northern  continuation 
of  the  interior  plateau  of  British  Colimibia.  Here  glaciers  for- 
merly descended  from  the  Coast  Range  of  mountains  eastward  to 
the  interior  plateau,  and  others  descended  from  the  Rocky  Moun- 
tain range  westward  to  the. same  plateau,  but  as  they  did  not 
meet  they  left  an  unglaciated  area  between  them.  In  the  Fraser 
Valley  glaciers  also  descended  from  the  mountains  to  the  east 
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and  to  the  west,  toward  the  middle  line  of  the  intermediate  plateau 
or  valley.  For  the  most  part  they  ended  before  they  reached  the 
present  river  channel^  but  in  other  cases  they  discharged  into  great 
lakes,  in  which  the  white  silts  which  form  such  conspicuous  cliflfs 
near  Prince  George  were  deposited. 

The  gladers  always  moved  inward  from  the  moimtains  which 
form  the  sides  of  the  valley  toward  its  median  line,  and  the  ice 
was  thicker  on  the  mountains  than  in  the  valley.  At  no  time  was 
this  portion  of  the  interior  plateau  covered  by  a  glacier  of  the 
extent  and  thickness  indicated  by  Dr.  Dawson,  namely  6,000  feet 
deep  over  the  lower  land,  from  which  the  ice  moved  outward  in 
all  directions. 

This  conclusion  is  in  accord  with  the  observations  of  the  late 
G.  S.  Malloch,  of  the  Cjreological  Survey  of  Canada,  who,  in  1909, 
made  a  geological  examination  of  tte  upper  part  of  the  Fraser  River 
from  Tfete  Jaune  Cache  down  to  Prince  George.    He  states  that 

bowlder  clay  occurs  at  different  points  along  the  river.  These  deposits 
were  formed  by  two  sets  of  glaciers,  the  first  of  which  descended  into  the 
Interior  Plateau  from  the  moimtains  to  the  east,  and  the  second  from  those 
to  the  west.  The  drift  of  the  latter  is  characterized  by  the  presence  of  granite 
fragments  from  the  Coast  Range,  and  volcanic  rocks  from  the  western  part 
of  the  plateau.  On  the  other  hand,  that  from  the  east  contains  fragments 
of  older  rocks,  and  it  alone  is  seen  on  the  river  from  T^te  Jaune  Cache 
to  Giscome  Rapids,  where  it -is  overcapped  by  the  drift  from  the  west." 

These  observations  therefore  exclude  the  possibility  of  the  exist- 
ence of  a  great  longitudinally  moving  Cordilleran  Glacier  on  this 
portion  of  the  interior  plateau  in  latitude  54**,  and  my  own  observa- 
tions show  that  it  was  absent  as  far  south  as  Quesnel  in  latitude  53^. 
From  there  to  the  southern  end  of  the  glacier  as  defined  by  Dr. 
Dawson  is  only  a  little  more  than  300  miles,  and  even  if  the  whole 
of  the  country  throughout  this  distance  were  covered  by  ice  it  would 
not  fulfil  the  idea  of  a  great  continental  glacier.  As  to  what  were 
the  ice  conditions  north  of  Prince  George,  between  latitude  54** 
and  63**,  we  have  not  yet  sufficient  information  available  to  enable 
us  to  decide. 

'Geol.  Surv.  Can.  Sum.  Rep.  for  igog,  Ottawa  Govt.,  1910,  p.  128. 
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Geology  and  Mineral  Resources  of  Kenai  Peninsula,  Alaska.  By 
G.  C.  Martin,  B.  L.  Johnson,  and  U.  S.  Grant.  U.S.  Geol. 
Surv.,  Bull.  587,  1915.    Pp.  243,  pis.  38,  figs.  43. 

This  volume  is  a  summary  of  what  is  known  of  the  geology  and 
miDeral  resources  of  the  Kenai  Peninsula,  including  both  the  results  of 
the  early  investigations  and  the  hitherto  unpublished  work  of  the 
present  writers.  In  an  introductory  chapter  Martin  summarizes  the 
geology  of  the  general  region;  the  succeeding  chapters  are  devoted  to 
a  more  detailed  discussion  of  its  several  parts.  The  relations  of  highly 
folded  pre-Tertiary  sediments  and  associated  lavas  and  intrusives  of 
the  Kenai  Mountains  are  as  yet  imperfectly  known.  Rocks  definitely 
assignable  to  the  Triassic  and  to  the  Jurassic  are  known  over  limited 
areas,  but  the  great  bulk  of  the  slate  and  graywacke  series  has  not  been 
differentiated.  It  may  include  upper  Paleozoics  and  possibly  some 
Mesozoics  younger  than  the  Jurassic.  The  Sunrise  group  of  earlier 
writers  probably  represents  the  upper  part  of  this  series  and  seems  to 
be  more  nearly  equivalent  to  the  Orca  group  than  to  the  Valdez  group 
in  the  Prince  William  Sound  r^ion.  The  only  Tertiary  beds  of  the 
Kenai  Peninsula  are  those  of  the  non-marine  Kenai  formation. 

The  gold  lodes  of  the  northern  Kenai  Peninsula  are  described  by 
B.  L.  Johnson.  The  deposits  are  of  three  general  types — ^fissure  veins, 
stringer  lodes,  and  mineralized  silicic  dikes.  The  veins  occur  in  two 
distinct  sets,  standing  approximately  at  right  angles  to  each  other  and 
dipping  at  high  angles.  Both  sets  of  fractures  are  ore-bearing  and  of 
about  the  same  age.  Their  average  thickness  is  between  2  and  2^ 
feet.  The  present  known  vertical  range  of  these  veins  is  about  5,000  feet. 
Of  minor  importance  are  the  stringer  lodes,  characteristically  developed 
in  the  slates  and  graywackes  parallel  to  the  cleavage  and  bedding  planes. 
Only  slightly  mineralized  dikes  have  been  discovered  thus  far.  The 
mineralogical  composition  of  the  veins  is  simple  and  indicates  deep- 
seated  conditions  of  origin.  Quartz  is  the  predominant  gangue  mineral, 
Calcite  is  generally  present  and  albite  locally.  Arsenopyrite,  galena, 
sphalerite,  and  pyrite  are  the  characteristic  sulphides,  arsenopyrite 
being  most  abundant.     Chalcopyrite  and  pyrrhotite  are  less  conmion. 
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Molybdenite  is  present  at  two  localities.  The  gold  occurs  in  the  native 
state.  The  mineralization  was  subsequent  to  the  intrusion  of  the 
Mesozoic  granite  batholiths  and  the  related  stocks  and  dikes.  The 
depositing  solutions  were  probably  residual  emanations  from  these 
magmas.  The  gold  lodes  of  the  Kenai  Peninsula  correspond,  therefore, 
both  in  age  and  general  association,  with  the  similar  deposits  elsewhere 
in  Alaska. 

xl.  R.  B. 


Fidd  Geology.    By  Frederic  H.  Lahee.    New  York:  McGraw- 
Hill  Book  Co.     12  mo,  pp.  xxiv+so8.    $3.00. 

This  work  is  divisible  into  two  parts:  an  empirical  treatment  of 
geologic  phenomena  (twelve  chapters),  and  a  compilation  of  field  and 
office  methods  (six  chapters). 

The  first  part  covers  well-nigh  the  whole  field  of  phenomenal  geology 
and  will  find  its  greatest  usefulness  among  undergraduate  students. 
For  working  geologists  the  most  valuable  matter  will  be  found  in  the 
chapters  on  "Geologic  Surveying,"  "Modes  of  Geologic  Illustration," 
"Geologic  Computations,"  and  "Preparation  of  Geologic  Reports,"  and 
in  appended  tables.  One  wishes  that  more  of  the  field  and  office  methods 
contributed  in  the  last  few  years  to  economic  geology  were  presented. 

In  carrying  out  the  scheme  of  empirical  treatment  of  phenomena 
the  author  has  constructed  many  carefully  analyzed  "keys"  or  tables, 
like  those  of  mineralogical  and  botanical  texts.  The  reviewer  has  tried 
out  the  work  in  two  field  courses^  placing  it  in  the  hands  of  the  students 
simply  as  a  reference,  and  has  found  it  very  valuable,  though  the  students 
did  not  voluntarily  make  use  of  the  "keys."  These  may  find  their  use- 
fulness among  beginners  without  field  association  with  more  experienced 
men. 

The  author  has  digested  pertinent  matter  from  such  works  as 
Leith,  Structural  Geology;  Leith  and  Mead,  Metatnorpkic  Geology; 
Grabau,  Stratigraphy;  Lindgren,  Mineral  Deposits,  etc.,  and  presents 
valuable  material  from  the  field  handbooks  of  Hayes,  of  Farrell,  and  of 
Geikie.  Important  contributions  to  periodical  literature  have  also  been 
drawn  upon. 

The  book  is  one  of  the  McGraw-Hill  series  of  limp-cover  handbooks, 
with  narrow  margins  and  rounded  page  comers.  Its  500  pages  of  thin 
paper  will  prove  no  burden  in  the  pocket. 

J.  H.  B. 
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PART  I 
INTRODUCTION 

In  the  present  paper  the  writer  will  describe  briefly  the  known 
geology  of  that  part  of  northern  Quebec  whose  four  comers  are 
the  north  end  of  Lake  Timiskaming,  James  Bay,  Lake  Mistassini, 
and  Lake  St.  John,  with  the  particular  object  of  setting  forth  the 
stratigraphic  sequence  and  age  relations  of  its  ancient  volcanic 
and  sedimentary  rocks. 

This  region  is  of  especial  interest  on  account  of  its  development 
of  rocks  of  early  pre-Cambrian  age.  The  relations  existing  between 
these  rocks^  are  shown  very  fully  and  satisfactorily,  and  their 
examination  enlarges  our  knowledge  of  pre-Cambrian  history  and 
mtroduces  corresponding  changes  in  nomenclature.  Structural 
work  in  this  region,  as  described  in  this  pap)er,  demonstrates  (i)  ^ 
uniform  sequence  of  extrusion  in  the  lavas,  termed  the  Abitibi 

'Published  by  pennission  of  the  Geological  Survey  of  Canada. 
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volcanics,  which  form  the  basal  rocks  of  the  region;  (2)  the  exist- 
ence of  a  thick  sedimentary  series,  the  Nemenjish  series,  which  lies, 
so  far  as  results  at  hand  indicate,  conformably  on  the  surface  of  the 
lavas,  and  which  appears  to  correspond  to  the  Grenville  series; 
(3)  the  occurrence  of  a  second  sedimentary  series,  the  Mattagami 
series,  in  scattered  patches  unconformably  on  the  surface  of  the 
older  lavas  and  sediments.  All  of  the  rocks  mentioned  are  older 
than  the  Cobalt  series  of  the  Timiskaming  district,  and  are  probably 
of  pre-Huronian  age,  using  the  term  **Huronian''  as  defined  by  the 
International  Committee.  The  basal  series  of  lavas  may  be  of  the 
same  age  as  the  Keewatin  of  the  south  shore  of  Lake  Superior. 
The  younger  series  of  sediments  (Mattagami)  appears  to  occupy  a 
new  position  in  the  geologic  colunm,  hitherto  unfilled,  between  the 
Keewatin  and  the  Lower  Huronian  of  the  International  Committee's 
classification. 

The  region  approximates  in  shape  a  rectangle  270  miles  from 
north  to  south,  and  350  miles  from  east  to  west  (Fig.  i).  Since  1908, 
the  western  third  of  it  has  been  studied  in  considerable  detail  by 
M,  E.  Wilson,  J.  A.  Bancroft,  and  T.  L.  Tanton;  the  greater  part  of 
the  remainder  has  been  rapidly  examined  by  reconnaissance  methods 
by  the  writer.  In  addition,  the  Chibougamau  Mining  Commission 
has  examined  a  limited  area  around  Lake  Chibougamau  in  detail, 
and  J.  A.  Dresser  has  similarly  studied  an  area  around  the  south 
end  of  Lake  St.  John.  The  northern  Quebec  region  connects  on 
the  southwest  with  the  Cobalt-Sudbury-Lake  Huron  region,  which 
has  been  mapped  in  detail  by  Miller  and  Knight  and  W.  H.  Collins, 
so  that  a  correlation  of  the  whole  Lake  Huron-Cobalt-northem 
Quebec  region  presiunably  may  be  attempted  in  the  near  future. 

This  paper  is  merely  a  preliminary  attempt  to  piece  together 
some  of  the  fragments  of  the  pre-Cambrian  record.  The  reader 
should  remember  the  difficulties  of  deciphering  this  record,  since 
the  areas  of  ancient  rocks  are  frequently  small  and  disconnected, 
and  the  rocks  themselves  have  commonly  been  sheared  and 
recrystallized.  As  work  is  carried  over  larger  areas  and  the 
number  of  facts  for  piecing  out  the  record  becomes  greater,  many 
of  the  conclusions  stated  in  this  paper  will  undoubtedly  be  modified 
or  discarded.    The  writer  considers,  however,  that  such  a  concrete 
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generalized  conception  as  he  endeavors  to  present  is  of  value,  even 
if  not  wholly  correct.  In  the  words  of  Van  Hise:"  "The  attempt 
to  give  a  generalization  ....  sharpens  the  wits  and  makes  the 
geologist  think  of  relations  which  were  not  before  observed 
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Fig.  I.    Work  done  since  1908  in  northern  Ontario  and  Quebec.    Dotted  areas 
covered  by  reconnaissance  methods;  hatched  area,  by  detailed  methods. 

He  has  an  h)T)othesis  or  hypotheses  which  he  is  either  to  verify 
or  disprove,  and  consequently  will  work  with  greater  keenness  and 
insight." 

PREVIOUS  WORK  AND  CORRELATION 

The  northern  Quebec  region  has  long  been  known,  and  a  consid- 
erable amount  of  geographic  and  geologic  work  has  been  done  in  it 

'Van  Hise,  "Principles  of  North  American  Pre-Cambrian  Geology,"  U,S,  Geol. 
Sun.,  Ann.  Kept.,  XVI,  742. 
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by  the  earlier  explorers,  Richardson,  Bell,  Low,  McOuat,  and  others. 
The  results  of  this  work,  which  was  all  of  a  reconnaissance  nature, 
were  published  by  the  Geological  Survey  of  Canada  in  1903  as  a 
map  entitled  "A  Geological  Map  of  the  Basin  of  the  Nottaway 
River,"  on  a  scale  of  ten  miles  to  one  inch.  On  this  map,  which 
has  been  out  of  print  for  some  years,  the  rocks  were  subdivided 
into  "Laurentian''  and  "Huronian."  The  former  group  included 
gneisses,  granites,  diorites  and  diabases;  the  latter  schists,  arkose, 
quartzite,  etc. 

The  work  done  by  M.  E.  Wilson,  J.  A.  Bancroft,  T.  L.  Tanton, 
and  the  writer  has  since  the  issue  of  the  above-mentioned  map 
resulted  in  a  more  precise  mapping  of  the  rocks  of  the  region  accord- 
ing to  their  age  relations.  These  geologists  have  refrained  from 
attempting  the  correlation  of  the  formations  described  by  them 
with  formations  outside  the  limits  of  the  region  and  have  used  local 
names.  It  follows  that  there  is  at  present  no  literature  dealing  with 
the  correlation  of  this  area  with  others.  This  paper  is  the  first  to 
deal  with  this  problem,  which  is  of  a  twofold  nature.  The  first 
part,  which  can  be  dealt  with  with  some  degree  of  certainty,  is  the 
correlation  of  patches  of  formations  of  similar  relationships  within 
the  region  itself;  the  second  part,  on  which  the  evidence  is  much 
more  scanty,  is  the  problem  of  correlating  these  formations  with 
others  beyond  the  limits  of  the  region.  In  the  latter  regard  there 
is  some  recent  literature  that  has  a  direct  bearing  on  the  problems 
of  this  region. 

The  age  relations  of  the  Cobalt  series  of  sediments  have  been 
recently  established  by  W.  H.  Collins.  He  has  traced  these  sedi- 
ments from  the  Cobalt  district  to  the  original  Huronian  area  on  the 
north  shore  of  Lake  Huron  and  shown  that  there  they  overlie 
unconformably  the  Bruce  series,  which  appears  to  be  identical  with 
the  Lower  Huronian  of  the  Marquette  district.  As  a  tongue  of 
the  Cobalt  series  projects  into  the  southwest  corner  of  the  northern 
Quebec  area,  where  it  overlies  the  older  rocks  with  great  unconform- 
ity, this  determination  of  Collins  is  of  the  utmost  importance  in 
fixing  the  age  of  these  older  rocks. 

Certain  ancient  sediments  in  Ontario  have  been  described  in 
recent  years  by  Coleman,  Miller,  Collins,  and  others,  under  the  local 
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names  of  Subdury  series,  Timiskaming  series,  and  Hastings  series. 
These  may  eventually  be  correlated,  altogether  or  in  part,  with  the 
Mattagami  series  of  the  region  under  discussion;  but  lack  of  knowl- 
edge makes  this  as  yet  no  more  than  an  interesting  possibility. 

The  basal  lavas  of  this  region  and  of  the  Timiskaming  district 
have  almost  universally  been  termed  ^Keewatin"  by  various 
writers,  but  there  is  little  good  evidence  for  so  correlating  them. 
Like  the  Keewatin  of  Lake  Superior,  they  occupy  a  basal  position 
in  the  geologic  coliunn,  appear  to  be  of  pre-Huronian  age,  and  are 
prevailingly  basaltic  and  andesitic  in  composition;  but  more  precise 
evidence  of  identity  is  lacking. 

In  connection  with  the  occurrence  in  the  northern  Quebec  region 
of  a  series  of  sediments  which  appear  to  be  of  Grenville  age,  a  brief 
statement  of  the  present  status  of  the  Grenville  series  is  necessary. 
Rocks  of  the  Grenville  series  were  first  described  by  Logan  in  1847, 
and  since  that  time  he  and  many  other  workers  have  studied  the 
series  and  extended  our  knowledge  of  it.  A  summary  of  the  differ- 
ent investigations  is  given  in  Van  Hise  and  Leith's  "Pre-Cambrian 
Geology  of  North  America."'  The  series  has  been  definitely  recog- 
nized only  in  eastern  Ontario,  Quebec,  the  Adirondacks,  and  the 
little-known  area  of  Baffin  Land;  and  singularly  enough,  in  these 
areas  other  surficial  formations  of  the  pre-Cambrian  are  lacking, 
excepting  the  comparatively  small  development  of  the  Hastings 
series,  together  with  certain  basic  lavas.  It  was  therefore  impos- 
sible definitely  to  correlate  the  Grenville  with  any  part  of  the  pre- 
Cambrian  developed  in  the  region  of  the  Great  Lakes.  Recognizing 
this,  the  International  Committee  in  1907  adopted  the  following 
simple  succession  for  this  region: 

Cambrian:  Potsdam  sandstone,  etc. 

Unconformity 
Pre-Cambrian:  Grenville  series 

Intrusive  contact 
Laurentian 

In  the  same  year  Miller  and  Knight,  of  the  Ontario  Bureau  of 
Mines,  published  a  brief  description  of  work  done  by  them  in  the 

'  US,  Ged.  Sun,,  Bull.  No,  360,  p.  448. 
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vicinity  of  Madoc,  Ontario,  contributory  to  the  problem  of  corre- 
lation/ In  this  paper  they  state  that  in  this  district  "  an  old  green- 
stone series,  with  associated  acidic,  igneous  rocks,  similar  to  the 

Keewatin  of  the  Lake  Superior  region,  is  widely  developed 

It  has  been  proved  by  the  writer  that  the  Keewatin  here  is  the  oldest 
series  in  the  region.  The  limestones  are  found  to  have  been  deposi- 
ted on  the  surface  of  the  Keewatin.  An  ancient  Keewatin  lava  has, 
in  places,  been  subjected  to  little  denudation  before  the  deposition  of 
the  Grenville  limestone,  which  fills  the  cracks  and  openings  in  the 
ropy  surface  of  the  lava.'*  This  evidence,  though  interesting,  is 
scarcely  convincing,  principally  because  it  assmnes  that  the  basic 
lava  apparently  underlying  the  limestone  is  correlative  with  the 
Keewatin  lavas  of  Lake  Superior  region.  As  basic  lavas  are  found 
in  the  Lake  Superior  region,  not  only  in  the  Keewatin,  but  through- 
out the  whole  pre-Cambrian,  such  an  assumption  cannot  be  accepted 
without  proof.  Exception  might  also  be  taken  to  the  validity  of 
the  evidence  advanced  in  regard  to  the  relative  ages  of  the  lavas 
and  the  limestones.  These  rocks  are  all  tilted  into  vertical  atti- 
tudes; so  that  calcite  might  easily  be  carried  by  meteoric  water 
from  the  limestone  and  deposited  in  cracks  in  the  lava,  even  though 
such  cracks  were  not  formed  till  long  after  the  folding  was  com- 
pleted. Again,  such  cracks  might  have  formed  during  the  folding, 
and  the  limestone  have  flowed  into  them  under  the  pressure  of 
deforming  forces.  Either  of  these  hypotheses  would  explain  the 
presence  of  limestone  in  the  cracks  in  the  lava  near  the  contact, 
regardless  of  whether  the  limestone  had  lain  above  or  below  the 
lava  before  deformation  took  place. 

In  1 9 14  Miller  and  Knight  published  a  more  extensive  paper^ 
on  the  relationships  of  the  rocks  of  eastern  Ontario,  In  this  paper 
they  still  maintain  the  conformable  relationships  of  the  Grenville 
to  the  "Keewatin,"  but  without  adducing  much  new  evidence. 
They  describe  in  the  ActinoUte-Cloyne  area  a  nuclear  mass  of 
greenstone  surrounded  by  Grenville  sediments.  Regarding  the 
relationships  of  the  two,  they  state:  "In  the  first  place  it  is  clear 
that  the  greenstone  is  not  a  deep-seated  intrusive,  or  batholith, 

*  Rept.  OfU.  Bur.  of  Mines,  1907,  Part  i,  p.  221. 
'  Ibid.y  1914,  p.  2. 
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invading  the  Grenville  sediments.  It  is  a  volcanic  or  surface  rock, 
retaining  in  places  an  ellipsoidal  or  pillow  structure,  and  a  fine  or 
medium-grained  texture.  In  the  second  place  the  greenstone  does 
not  send  dykes  into  the  sediments,  nor  give  other  evidence  of  being 
intrusive  into  these  rocks.  It  is  thus  inferred  that  the  quartzite, 
greywacke,  and  limestone  are  younger  than  the  pillow  lavas.'* 
Basing  upon  this  evidence  their  conclusion  that  the  "Keewatin" 
is  older  than  the  Grenville,  they  determine  the  Grenville  to  consist, 
from  the  base  up,  of  gray  gneisses  and  quartzites,  some  of  which 
are  gametiferous,  iron  formation,  and  crystalline  limestones. 
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GENERAL  GEOLOGY 

The  oldest  rocks  of  the  district  are  lavas,  tuflFs,  and  sediments. 
The  bulk  of  the  lavas  are  basalts  and  andesites,  but  more  acid 
types,  such  as  rhyolite  porphyrites,  are  also  present,  though  only 
in  relatively  small  amount.  Like  the  flows  the  tuffs  vary  in  com- 
position, and  are  of  both  coarse  and  fine  grain.  The  flows  and  tuffs 
have  been  locally  metamorphosed  by  dynamic  or  thermal  agencies. 
They  are  probably  to  be  correlated  with  the  so-called  "Keewatin" 
of  Timiskaming  district  to  the  southwest;  that  they  are  of  the 
same  age  as  the  Keewatin  of  the  Lake  Superior  district  has  not 
yet  been  established. 

The  sediments  associated  with  the  volcanics  are  all  more  or 
less  recrystallized  and  are  now  chiefly  represented  by  gametiferous 
and  non-gametiferous  biotite  gneisses,  gametiferous  and  non- 
gametiferous  hornblende  gneisses,  and  crystalline  limestones. 
These  rocks  probably  are  the  metamorphic  equivalents  of  impure 
sandstones,  shales,  and  limestones.  The  original  nature  of  the 
hornblende  gneisses  k  not  fully  established,  but  from  the  entire 
absence  of  any  evidence  of  igneous  origin  they  are  tentatively 
assimied  to  have  been  sediments.  The  clastic  beds  grade  downward 
into  beds  of  more  tuffaceous  composition,  which  lie  conformably 
on  the  surface  of  the  lavas.  Evidence  has  been  obtained  that  seems 
to  indicate  that  these  sediments,  which  have  been  termed  the 
Nemenjish  series,  form  the  northern  equivalent  of  the  Grenville 
series  of  eastern  Ontario  and  the  Adirondacks. 

In  the  vicinity  of  Lake  St.  John  a  granite  is  reported  by  J.  A, 
Dresser  to  intrude  the  Grenville  series  and  to  be  cut  in  turn  by 
anorthosite.  This  granite  has  not  been  definitely  shown  to  occur 
anywhere  else  throughout  the  region  under  discussion,  but  the 
reports  of  Adams,  Gushing,  and  others  suggest  that  it  is  found  in 
areas  to  the  east  and  south. 
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Younger  than  the  granite  just  mentioned,  and  intrusive  into  it 
and  the  Grenville  series,  are  great  bodies  of  anorthosite  and  gabbro. 
Several  of  these  are  found  in  the  area  under  discussion. 

A  few  small  patches  of  a  younger  sedimentary  formation  are 
found  here  and  there  throughout  the  region.  These  have  hitherto 
been  known  by  various  local  names,  such  as  the  Pontiac,  Mattagami, 
and  Broadback  series.  They  include  mainly  conglomerate,  arkose, 
and  greywacke,  and  lie  imconformably  on  all  the  older  rocks,  with 
the  possible  exception  of  the  anorthosites.  They  are  highly  folded 
and  metamorphosed,  so  that  even  the  most  competent  of  the  rocks 
are  converted  into  schists. 

Following  the  deposition  of  these  sediments  came  an  intrusion 
of  lamprophyre  dykes.  They  are  relatively  few  in  number,  but 
their  distribution  appears  fairly  general.  Next  in  age  are  the 
enormous  batholithic  intrusions  of  granite,  which  now  underlie 
about  one-half  of  the  region.  It  is  possible  that  these  may  be  of 
different  ages,  but  no  evidence  of  this  has  as  yet  been  found.  The 
intrusion  of  the  batholiths  probably  followed  closely  the  orogenic 
movements  which  folded  the  older  rocks.  They  seem  to  have 
removed  by  stoping  and  digestion  enormous  thicknesses  of  the 
older  rocks,  including  all  of  the  ancient  floor  on  which  these  were 
laid  down,  and  undoubtedly  also  had  a  certain  metamorphosing 
action  on  the  adjacent  rocks. 

The  Cobalt  series,  of  Huronian  age,  rests  with  great  uncon- 
formity on  the  surface  of  the  complex  described  above.  It  is 
definitely  recognized  only  in  the  southwest  comer  of  the  region,  but 
a  few  small  areas  of  similar  rocks  occur  on  Chibougamau  Lake,  and 
in  the  report  of  the  Chibougamau  Mining  Commission  were  corre- 
lated with  the  Cobalt  series. 

Dykes  of  diabase  petrographically  similar  to  the  Cobalt  diabase 
cut  the  Cobalt  series  and  all  the  older  rocks.  They  are  found 
sparsely  distributed  throughout  the  entire  region.  The  diabase 
here  never  forms  sills  as  in  the  flat-bedded  rocks  of  the  Cobalt 
region;  hence  the  chance  of  mineralization  by  it  is  slight. 

The  youngest  consolidated  formation  in  the  area  is  supposedly 
the  flat-lying  Mistassini  limestone,  which  outcrops  around  Lake 
Mistassini  and  has  been  described  by  A.  P.  Low  and  the  Chibouga- 
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mau  Mining  Commission.    Because  of  its  imdeformed  character 
and  the  presence  of  indistinct  fossil-like  forms,  this  formation  has 
been  placed  tentatively  in  the  late  pre-Cambrian  or  early  Paleozoic. 
The  geological  succession,  therefore,  is  as  follows: 

Mistassini  limestones 

Unconformity  ? 
Diabase  dykes 
Cobalt  series  (includes  Chibougamau  fomiation  ?)  « 

Great  unconformity 
Granite 

Intrusive  contact 
Lamprophyre  dykes 

Intrusive  contact 
Sedimentary  series  (Pontiac  series,  Mattagami  series,  etc.) 

Unconformity 
Gabbro  and  anorthosite 

Intrusive  contact 
Granite  gneiss  (around  Lake  St.  John) 
Intrusive  contact 
Nemenjish  series 
Abitibi  volcanics  (basalts,  andesites,  rhyolites) 

METHODS   OF   DETERMINING   STRUCTURE  IN   LAVA   FLOWS 

The  lavas  of  the  region  afford  exceptional  opportunities  for 
structural  determination,  since  they  have  suffered  relatively  little 
deformation  beyond  a  change  in  attitude.  Each  flow  has  moved  as 
a  unit  during  the  folding,  so  that  shearing  has  been  confined  to  a 
marginal  belt  from  one  to  ten  feet  in  width.  In  the  remaining 
portions  of  the  flows  the  original  structures  and  textures  remain 
largely  unchanged  and  can  be  used  for  determining  the  structure. 
The  lack  of  deformation  is  undoubtedly  due  to  the  thickness  of 
the  flows,  which  has  made  them  very  competent  to  resist  the  de- 
forming influences.  The  latter  have  been  powerful  enough  to  con- 
vert the  conglomerate,  arkose,  and  greywacke  of  the  overlying 
Mattagami  series  into  schist. 

Grain  and  pillow  or  ellipsoidal  structure  were  the  structures  and 
textures  used  in  determining  the  attitude  of  the  flows.  Amygda- 
loidal  textures,  so  frequently  useful  for  the  purpose,  are  not  found 
here,  since  the  margins  of  the  flows  are  almost  invariably  schistose. 
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PiUow  structure. — Pillow  structure  is  well  developed  in  the  lavas 
over  a  large  portion  of  the  region,  more  particularly  in  the  andesitic 
types,  which  commonly  have  large  pillows  from  two  to  three  feet 
in  length.  The  basaltic  lavas  for  some  reason  do  not  seem  to 
form  large  pillows,  the  maximiun  observed  being  one  foot  in  length; 
and  on  account  of  the  blackness  of  the  basalt  it  is  more  difficult  to 
recognize  and  examine  the  pillows  except  on  unusually  clean,  wave- 
washed  surfaces. 

A  section  made  from  top  to  bottom  across  an  andesite  flow 
about  130  feet  thick  on  Windy  Lake  showed  the  following  arrange- 
ment: At  the  top  there  is  the  usual  narrow,  schistose  zone,  below 
which  there  is  a  zone  of  pillows  about  70  feet  in  width.  At  the 
top  the  pillows  are  from  two  to  three  feet  in  length;  they  gradually 
decrease  in  size,  till  near  the  middle  of  the  flow  they  attain  their 
minimum  length  of  ten  inches  to  one  foot.  Here  the  pillow  struc- 
ture ceases  rather  abruptly  and  passes  into  a  fragmental  zone 
about  six  feet  in  width.  This  is  a  true  volcanic  breccia,  made  up  of 
fragments  of  fine-grained  lava  up  to  six  inches  in  diameter  imbedded 
in  a  matrix  of  lava  of  somewhat  coarse  grain.  Some  of  these 
fragments  are  encircled  by  a  whorl  of  lava  about  an  inch  in  width, 
in  which  flow  textures  are  prominent,  as  if  the  fragment  had  been 
revolving  in  the  viscous  lava.  Below  the  zone  of  breccia,  fine- 
grained massive  lava  occurs.  The  grain  of  this  gradually  increases 
in  size  as  far  as  the  bottom  of  the  flow,  where  a  grain  of  approxi- 
mately I  mm.  is  attained.  This  massive,  relatively  coarse-grained 
lava  was  observed  in  contact  with  the  glassy,  ellipsoidal  surface  of 
the  adjacent  underlying  flow. 

Only  one  perfect  section  across  the  whole  width  of  a  thick  flow 
was  observed,  but  a  large  nimiber  of  partial  sections  were  obtained, 
and  the  data  are  sufficient  to  show  that  the  above  represents  the 
section  wherever  the  flow  is  sufficiently  thick  to  possess  a  massive 
base  as  well  as  a  pillowed  top.  The  succession  described  may 
therefore  be  used  to  indicate  the  position  of  the  top  of  a  tilted  flow, 
even  where  only  a  part  of  the  flow  is  visible.  Of  course  this  method 
is  useless  in  flows  pillowed  throughout  their  entire  thickness. 

The  method  of  determining  the  position  of  the  upper  surface 
of  the  flows  from  the  flattening  of  the  pillows,  described  by  Daly, 
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Ransome,  Russell,  and  M.  E.  Wilson,  proved  so  difficult  and 
uncertain  of  application  that  it  was  not  used.  That  flattening  is 
greater  on  the  tinder  side  than  on  the  upper  was  clear  in  most  cases 
only  when  the  position  of  the  upper  side  had  been  previously 
determined  by  other  means. 

Grain. — ^A  progressive  increase  in  grain  takes  place  in  passing 
from  the  top  of  the  flow  toward  its  base.    At  the  top  the  lava  is 
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Fig.  2. — The  curve  to  the  left  shows  the  change  of  grain  in  depth  of  a  non- 
ellipsoidal  andesite  flow.  The  curve  to  the  right  is  that  for  an  intrusive  of  the  same, 
thickness  and  composition.  The  maximum  grain  of  the  latter  will  of  course  vary,  and 
may  be  much  larger  than  represented. 


almost  or  quite  glassy,  and  the  grain  gradually  increases  in  coarse- 
ness with  depth  till  the  maximum  of  approximately  i  nmi.  (in 
andesite)  is  attained  a  few  inches  from  the  bottom,  where  a  narrow 
chilled  edge  is  fotmd.  In  the  pillow  lavas  the  fine,  glassy  grain 
persists  throughout  the  whole  thickness  of  the  ellipsoidal  zone. 
The  curve  in  Fig.  2  shows  the  change  in  grain  with  depth  of  a  non- 
elKpsoidal  flow.  For  comparison  the  type  of  curve  for  an  intrusive 
of  the  same  composition  and  thickness  is  introduced. 

It  is  obvious  that  if  a  sufficiently  wide  section  can  be  obtained 
across  the  outcrop  of  a  flow  to  show  this  change  in  grain  the  position 
of  the  top  will  be  indicated.  This,  however,  is  only  occasionally 
found  possible  in  practice.  The  method  is  more  applicable  to 
the  basaltic  flows  than  the  andesites,  as  their  maximum  grain  is 
apt  to  be  larger. 
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The  methods  of  determining  the  positions  of  the  upper  surfaces 
of  the  lava  flows  may  be  summarized  as  follows: 

A.  In  a  single  flow 

1.  From  changes  in  pillow  structure  with  depth 

2.  From  changes  of  grain  with  depth 

B.  At  contact  of  two  flows 

1.  From  observation  of  a  coarse-grained,  non-ellipsoidal 
base  resting  on  an  ellipsoidal  upper  surface 

2.  From  observation  of  a  coarse-grained  base  resting  on  a 
fine  grained  upper  surface 

The  latter  two  methods  are  much  the  most  useful. 

[To  he  continued] 
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INTRODUCTION 

No  article  or  book  purporting  to  sum  up  the  known  geology  of 
the  whole  of  Oregon  has  yet  been  published.  Even  now  the  time 
has  not  arrived  to  essay  anything  like  a  complete  story.  Neverthe- 
less it  seems  to  be  a  propitious  time  to  take  an  inventory  of  our 
knowledge.  This  seems  desirable  in  that  it  will  give  those  interested 
something  like  a  connected  account  of  the  salient  features,  and  on 
the  other  hand  will  afford  the  workers  in  the  field  a  clearer  idea  of 
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the  problems  involved.  The  writers  are  personally  acquainted  with 
much  of  the  field  and  have  made  up  for  some  of  the  deficiencies 
in  their  own  knowledge  by  drawing  upon  the  literature  which  they 
have  deemed  most  reliable.  In  some  cases,  as  will  be  indicated  in 
the  proper  places,  they  have  taken  issue  with  earlier  workers. 

A  few  scattered  references  to  the  geology  of  Oregon  in  the  earliest 
reports  of  various  kinds  are  mainly  of  historic  interest,  but  natur- 
ally at  that  time  could  not  throw  much  light  on  problems  of  Oregon 
geology. 

Dr.  Thomas  Condon,  formerly  a  nussionary,  who  came  to 
Oregon  in  1852,  and  who  because  of  an  unquenchable  love  and 
aptitude  for  natural  history  became  a  geologist,  was  the  pioneer 
geologist  of  this  state.  His  popular  book  on  Oregon  Geology  and 
his  collections,  the  first  to  be  made  in  the  now  famous  John  Day 
basin,  and  the  general  stimulus  he  gave  to  later  workers  are  his 
contributions,  and  no  one  has  left  a  finer  legacy  to  present-day 
workers. 

In  his  published  contributions  Dr.  Josiah  Diller,  veteran  geolo- 
gist of  the  United  States  Greological  Survey,  takes  the  lead.  His 
work  began  in  1883  and  he  has  since  covered  most  of  western  Ore- 
gon. After  Diller  comes  I.  C.  Russell,  to  whom  we  are  indebted 
for  much  of  our  knowledge  of  southeastern  Oregon. 

The  Oregon  Bureau  of  Mines  and  Geology,  created  by  legis- 
lative act  in  191 2,  has  contributed  several  important  results  of 
investigations,  more  especially  relating  to  the  economic  aspect  of 
the  subject,  and  this  Bureau  has  given  financial  assistance  to  other 
work  which  has  not  appeared  in  its  publications.  The  Bureau 
maintains  offices  and  a  display  collection  of  ores  in  Portland  and 
issues  monthly  The  Mineral  Resources  of  Oregon. 

The  chief  contribution  to  our  knowledge  of  the  Blue  Mountain 
region  of  eastern  Oregon  has  been  made  by  Waldemar  Lindgren. 

Not  the  least  important  among  the  groups  of  investigators  of 
Oregon  geology  is  the  department  of  paleontology  of  the  Uni- 
versity of  California,  which  has  devoted  its  attention  largely  to  the 
fossil  beds  of  eastern  Oregon. 

The  University  of  Oregon,  represented  by  a  line  of  workers  such 
as  Ellen  Condon  McComack,  daughter  of  Dr.  Condon,  Chester 
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Washbume,  Arthur  J.  Collier,  Graham  John  Mitchell,  and  others, 
has  contributed,  if  not  voluminously,  most  substantially,  to  the 
accimiulated  knowledge  in  this  field. 

Besides  those  mentioned  there  are  several  other  authors  who 
have  contributed  one  or  more  papers  in  special  fields,  and  these 
are  listed  in  the  bibliography,  which  includes  only  the  more  im|X)r- 
tant  contributions  to  the  subject., 

PHYSIOGRAPHY 

The  state  of  Oregon  is  only  a  part  of  the  older  and  much  larger 
Oregon  Territory.  Its  situation  on  the  great  western  ocean  is 
greatly  in  its  favor,  though  it  is  less  fortunately  placed  than  either 
California  or  Washington. 

Oregon  is  divided  by  the  great  Cascade  Mountains  into  two 
very  diverse  regions,  western  and  eastern  Oregon,  which  differ 
radically,  at  least  in  the  later  periods,  in  physiography  (including 
climate),  geology,  economic  greogaphy,  and  also  politically,  socially, 
and  in  many  other  ways.  Western  Oregon  is  a  marine  province, 
and  its  geology  in  part  is,  in  common  with  California  and  Washing- 
ton, similar  to  that  of  Eastern  Asia,  while  eastern  Oregon  is  conti- 
nental and  belongs  to  the  Great  Basin  province.  A  great  portion 
of  Oregon  is  covered  by  a  part  of  the  greatest  lava  flow  in  the  world, 
and  this  has  had  a  profound  influence  upon  its  history,  both  geologic 
and  economic. 

Following  the  Committee  of  the  Association  of  American  Geog- 
raphers' there  have  been  recognized  the  following  physiographic 
divisions  in  Oregon: 

1.  "  The  Oregon  Coast  Range  is  the  section  of  the  Pacific  Border 
Province  west  of  the  Puget  Trough  and  consisting  of  Tertiary  rocks,'' 
sandstones,  and  shales  cut  by  igneous  intrusives. 

2.  "rte  Puget  Trough,  the  intermontane  lowland  west  of  the 
Middle  and  Northern  Cascade  Mountains."  In  Orgeon  this  is 
known  as  Willamette  Valley  and  is  filled  largely  with  alluvium,  but 
many  outliers  of  Tertiary  sediments  and  buttes  with  Tertiary 
igneous  intrusives  are  found  within  this  area. 

3.  ^^The  Middle  Cascade  MoutUains  are  that  iX)rtion  of  the 
Sierra-Cascade  Province  whose  height  is  due  in  part  to  volcanic 

*  Ann,  Assoc.  Am.  Geographers^  VI,  34. 
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accumulation  and  in  part  to  crustal  uplift."  This  is  a  great  dis- 
sected, plateau.  Tertiary  sediments  in  the  form  of  a  great  syn- 
clinorium  pass  under  these  Tertiary  and  Pleistocene  lavas. 

4.  ^'The  Klatnath  Mountains  are  the  section  of  the  Pacific 
Border  Province  adjoining  the  Cascade  Mountains  on  the  west  and 
consisting  of  relatively  old  and  resistant  rocks."  The  most  note- 
worthy feature  of  this  region  is  the  remarkable  peneplain  described 
by  Diller. 

5.  "  The  Oregon  Lake  Section  of  the  Basin-and-Range  Province 
characterized  by  young  block  mountains  and  lake  basins." 

6.  "  The  Harney  Section  is  that  section  of  the  Columbia  Plateau 
which  lies  south  of  the  Blue  Mountains."  This  is  largely  under- 
laid by  Columbia  lava.  It  is  characterized  by  sage  brush,  "rim 
rock,"  and  lacustrine  sediments. 

7.  "  The  Payette  Section  of  the  Columbia  plateau  is  the  part  west 
of  the  Snake  River  Plain,  whose  substratum  consists  in  large  part 
of  lacustrine  sediments  (applies  to  northern  part  only)."  This 
takes  in  practically  all  of  the  upper  Snake  River  drainage. 

8.  '*  The  Blue  Mountain  Section  of  the  Columbia  Plateau  Prov- 
ince is  the  mountainous  area  entirely  surrounded  by  plateau 
surface."  This  section  extends  up  into  the  northeastern  part  of  the 
state  and  includes  the  Wallowa  Mountains,  which  are  in  many 
ways  quite  diflFerent  from  the  Blue  Mountains  proper.  The 
writers  are  inclined  to  make  a  separate  section  for  this  portion. 

9.  ^'The  Walla  Walla  Plateau  is  that  section  which  lies  north 
of  the  Blue  Mountains." 

This  includes  most  of  the  DesChutes  River  basin  and  that  of  the 
famous  John  Day  Valley.  This  region  is  noted  for  its  fine  wheat 
lands  on  the  plateau  stretches  between  the  rivers  and  for  the  classic 
fossil  localities  along  the  John  Day. 

The  writers  suggest  the  following  slightly  simplified  subdivisions: 

a)  The  Columbia-DesChutes  Province. 

b)  The  Willamette  Valley  Province. 

c)  The  Coast  Province. 

d)  The  Cascade  Plateau  Province.  • 

e)  The  Klamath  Province. 

/)  The  Blue- Wallowa  Mountain  Province. 
g)  The  Southeastern  Desert  Tract. 
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a)  We  think  it  inadvisable  to  run  a  physiographic  boundary 
across  a  main  stream  like  that  of  the  DesChutes,  and  suggest  that 
a  heavy  line  (using  the  scheme  of  the  Committee  of  American 
Geographers)  instead  of  a  broken  line  be  passed  around  the  head 
of  this  river.  We  think  Colimibia-DesChutes  more  appropriate 
than  Walla  Walla  as  a  name  for  this  province. 

b)  The  writers  are  not  yet  ready  to  subscribe  entirely  to  the 
mclusion  of  the  Willamette  Valley  in  the  Puget  Sound  Trough  and 
prefer  the  local  name. 

c)  The  Coast  Province  may  be  better  than  Coastal  Range,  since 
all  of  this  province  is  not  a  mountain  range. 

i)  Cascade  Plateau  Province  we  think  is  more  fitting  for  this 
dissected  plateau  than  "Cascade  Mountains." 

/)  As  the  Wallowa,  or  Eagle  Creek,  Mountains,  as  they  are 
sometimes  called,  are  quite  distinct  in  some  ways,  yet  a  part 
of  the  Blue  Mountains,  we  suggest  the  name  Blue-Wallowa 
Mountains. 

g)  We  would  include  all  the  territory  east  of  the  Cascades  and 
south  of  the  Blue  Mountains  in  one  physiographic  province.  This 
includes  territory  with  nearly  similar  geology  and  mainly  without 
exterior  drainage.  There  are  differences  here,  of  course,  but  we 
think  not  sufficiently  great  to  warrant  such  division. 

The  hydrography  of  Oregon  is  interesting.  The  state  is  bounded 
by  water  on  almost  the  entire  distance  of  three  of  its  sides;  on  the 
west  by  the  Pacific  Ocean;  on  the  north  by  the  master-stream, 
the  Columbia;  on  the  east  for  more  than  one-half  the  distance  by 
the  Snake.  The  northern  and  western  portions  are  well  drained  by 
the  following  streams,  respectively,  the  John  Day  and  DesChutes; 
the  Rogue,  Umpqua,  and  Willamette.  The  major  streams  in 
general  in  Oregon  are  northward  flowing.  The  southeastern  lava 
plateau  and  desert  region  is  a  part  of  the  Great  Basin  and  therefore 
practically  without  exterior  drainage. 

The  lakes  of  Oregon  are  especially  interesting  both  for  their 
variety  and  for  their  diverse  origins.  One  of  these  is  perhaps  the 
most  famous  of  all  the  lakes  of  North  America,  namely  Crater 
Lake  at  the  simmiit  of  the  Cascade  Mountains.  We  note  the 
following  types,  which  we  can  only  name  in  passing  in  an  article  of 
this  kind: 
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1.  The  coastal  lakes — type,  Tsiltcoos  Lake. 

2.  The  alkali  lakes  of  the  southeastern  desert  region — tjrpe, 
Harney  Lake. 

3.  Crater  lakes— t)T)e,  Crater  Lake. 

4.  Morainal  lakes — type,  Wallowa  Lake. 

5.  Cirque  lakes — t)T)e,  Aneroid  Lake. 

6.  Fault  block  depression  lakes — t)T)e,  Warner  Lake. 

7.  Lava  flow  lakes — ^many  in  high  Cascades. 

STRATIGRAPHY 
PRE-CAMBSIAN 

Archean. — ^A  biotite  gneiss,  imbedded  in  the  granodiorite 
occurring  along  the  headwaters  of  the  north  fork  of  John  Day 
River  is  thought  to  be  the  oldest  known  rock  of  Oregon.  This 
metamorphic  rock  outcrops  on  the  north  slope  of  Bald  Mountain, 
covering  an  area  of  less  than  fifteen  square  miles.  There  is  no 
reason  given  by  Lindgren*  why  these  rocks  are  considered  as  being 
pre-Cambrian.  It  is  true  that  they  are  similar  lithologically  to 
gneisses  in  Calaveras  County,  California,  and  those  near  Shoup  and 
Elk  City,  Idaho.  Since  metamorphics  are  products  of  dynamic 
conditions  irrespective  of  time,  there  is  no  valid  reason  why  gneisses 
and  schists  may  not  be  found  in  later  ages. 

Algonkian, — Metamorphic  rocks  of  supposed  pre-Cambrian 
age  also  occur  at  or  near  the  California-Oregon  boundary.  Schists 
are  found  near  the  headwaters  of  Wagner  Creek  west  of  Ashland, 
at  Starling  Peak  still  farther  to  the  west,  and  thence  westward  along 
the  boundary  line  to  Takihna,  interrupted,  however,  by  smaller 
masses  of  Paleozoic  metamorphics.  These  areas,  excepting  the  first 
mentioned,  extend  into  California  in  a  southeasterly  direction  for  a 
distance  of  many  miles.  These  rocks  are  variously  described  by 
Diller,'  Winchell,^  and  others  as  amphibolite,  homblendite, 
hornblende-mica,  talc,  and  mica-quartz  schists.  Since  they  are 
either  continuous  with,  or  lithologically  similar  to,  the  beds  across 

» 17.5.  GeoL  Surv.,  22d  Ann.  Kept.,  Part  II,  p.  594. 

» J.  S.  Diller,  U,S,  Geol.  Surv.,  BuU.  546,  p.  14. 

3  A.  N.  Winchcll,  Oregon  Bureau  of  Mines  and  Geol.,  Vol,  I,  No.  5,  p.  37. 
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the  California  boundary,  which  have  been  correlated  with  Hersh- 
ey's/  Abrams,  and  Salmon  series,  it  may  be  permissible  to  quote  the 
description  of  the  typical  facies  of  those  rocks  as  applicable  in 
general  to  the  Oregon  beds: 

It  [the  Abrams  mica  schist]  is  composed  of  thin  folia  of  muscovite  of  dull 
colors  ....  separated  by  irregular  layers  of  white  quartz  representing  the 
original  laminae.  Throughout  it  is  very  highly  siliceous,  and  doubtless  por- 
tions of  it  would  by  some  be  called  micaceous  quartz  schist.  In  certain  belts 
the  silica,  predominates  to  such  an  extent  as  to  cause  it  to  outcrop  like  great 
veins  of  very  glassy  white  and  dark  blue  quartz. 

This  mica  schist  in  California  appears  to  grade  upward  through  a 
graphite  and  actinolite  schist  to  the  hornblende  schist  series.  These 
mica  and  hornblende  schist  series  have  an  estimated  thickness  of 
I, GOO  feet,  which  is  no  more  than  that  developed  by  the  first  men- 
tioned in  the  upper  Coflfee  Creek  section  of  northern  California. 

These  old  schists  are  in  contact  with  the  tonalite  batholith  at 
the  California-Oregon  boundary  south  of  Ashland.  This  intrusive 
is  of  a  much  later  date  and  possibly  has  been  the  dominant  factor 
in  the  alteration  of  these  sedimentary  rocks  to  their  present  con- 
dition. Winchell  states  that  these  old  beds  are  so  intimately 
associated  with  intrusives  as  to  make  stratigraphic  studies  impos- 
sible in  the  vicinity  of  Red  Mountain.  The  schistosity  parallels 
the  structure  of  the  adjoining  Paleozoic  rocks,  which  have  a  general 
northeasterly  strike. 

Since  these  rocks,  which  were  presimaably  originally  argillaceous 
sandstones,  or  in  places  carbonaceous,  as  is  testified  by  the  graphitic 
schists,  have  been  so  completely  metamorphosed  their  geologic 
age  must  be  determined  solely  upon  physical  bases.  The  consensus 
of  opinion  seems  to  be  that  the  schists  at  the  state  line  are  to  be 
correlated  with  the  Abrams  and  Salmon  schist  series  of  supposed 
Algonkian  age. 

PALEOZOIC 

Devonian-Carboniferous, — During  a  part  at  least  of  the  Paleozoic 
a  sea  covered  a  portion  of  eastern  and  southwestern  Oregon. 
Although  the  Paleozoic  rocks  outcrop  in  both  sections,  the  forma- 

'  O.  Hershey,  Am,  GeoL,  XXVII,  227. 
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tions  have  not  been  diflFerentiated,  and  in  both  regions  the 
stratigraphy  is  apparently  hopelessly  tangled. 

In  eastern  Oregon  Lindgren^  found  an  argillite  series  with  some 
limestone,  which  at  Winterville  contains  crinoid  stems,  of  probable 
Carboniferous  age.    Lindgren  says  of  these: 

This  argillite  series  is  undoubtedly  older  than  the  Trias  of  the  Eagle  Creek 
Mountains,  and  may  without  much  uncertainty  be  referred  to  the  Paleozoic, 
possibly  to  the  Carboniferous,  which  is  so  extensively  developed  in  California. 
The  whole  argillite  series,  from  Weatherby  to  the  Greenhorn  Mountains,  is 
composed  of  fine-grained  sediments,  indicating  de()osition  in  deep  waters. 
Sandstones,  quartzites,  and  conglomerates  are  entirely  absent,  according  to 
present  information. 

The  structural  features,  according  to  Lindgren,  verified  to  a 
limited  extent  in  the  field  by  the  senior  author,  are  quite  irregular. 
They  strike  in  the  neighborhood  of  the  Elkhom  Range  a  little  north 
of  west  and  dip  60  degrees  south,  but  in  the  vicinity  of  Burnt  River 
and  Huntington  they  dip  to  the  northward  and  strike  southwesterly. 
Xo  estimate  of  thickness  of  these  formations,  save  that  it  may  be 
several  thousand  feet,  has  been  made. 

In  western  Oregon  there  are,  according  to  Diller^  and  Winchell,^ 
about  10,000  feet  of  argillites,  tu£fs,  and  sandstones  and  limestone 
lenses  of  marine  origin.  This  is  indicated  by  the  presence  of  silice- 
ous beds  containing  Radiolaria. 

As  Winchell^  has  admirably  summarized  the  information  regard- 
ing these  formations,  we  quote: 

The  Paleozoic  rocks  are  apparently  structurally  conformable  both  with 
older  formations  and  with  more  recent  beds,  but  there  seems  to  be  a  hiatus  in 
deposition  both  before  and  after  the  period.  There  is  no  unconformity  known 
between  the  formations  included  in  the  Paleozoic.  Like  the  Jurassic,  the 
Paleozoic  beds  are  nearly  on  edge,  striking  northeast  and  dipping  steeply 
southeast.  Elsewhere  in  this  report  the  writer  has  suggested  that  these  beds 
are  all  overturned,  so  that  the  Carboniferous  beds  are  structurally  beneath 
to  the  northwest,  and  the  Devonian  (and  Silurian  ?)  are  above  to  the  southeast. 

The  classification  of  these  Paleozoic  rocks  is  based  on  fossils  found  in  the 
limestone  lenses,  each  of  which  has  a  maximum  thickness  of  about  200  feet 
and  a  maximum  length  of  about  2,000  feet.  They  have  been  assigned  to  four 
chief  belts. 

'  W.  Lindgren,  op.  cU.,  II,  578.  *  A.  N.  Winchell,  op.  cit.,  p.  35,  p.  26. 

*  J.  S.  Diller,  op.  cil.,  p.  15.  *  Ibid.,  p.  26. 
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Beginning  on  the  west  the  first  belt  includes  lenses  on  Cheney  Creek,  others 
near  Kerby,  and  some  near  Waldo.  In  this  belt  fossils  collected  by  the  writer 
hav^  been  considered  to  be  probably  Carboniferous  in  age  by  paleontologists 
of  the  U.S.  Geological  Survey. 

The  second  belt  includes  outcrops  southwest  of  Gold  Hill,  also  some  west 
of  Provolt,  those  at  Oregon  Caves,  and  one  on  Sucker  Creek.  So  far  as  known 
no  fossils  have  been  found  in  this  group  of  outcrops. 

The  third  belt  comprises  the  lime  quarries  on  Kane  Creek,  the  outcrops 
near  Applegate,  and  those  west  of  Steamboat.  Fossils  obtained  on  Kane  and 
Steamboat  creeks  consist  merely  of  fragments  of  round  crinoid  stems. 

The  fourth  belt  of  lenses  is  found  in  several  outcrops  on  Little  Applegate 
River  (and  across  the  divide  on  Anderson  and  Coleman  creeks)  and  in  one  (or 
more)  exposures  near  Watkins  on  Applegate  River.  In  the  former  well- 
preserved  round  and  pentagonal  crinoid  stems  have  been  found.  The  fossils 
do  not  definitely  determine  the  age  of  the  third  and  fourth  belts,  and  it  seems 
possible  that  they  should  be  referred  to  the  Silurian,  or  an  earlier  period. 

These  limestone  lenses  are  of  considerable  importance  because  limestone 
is  so  scarce  in  Oregon  that  the  supply  for  cement  and  other  uses  must  be  sought 

in  them  or  in  similar  outcrops The  origin  of  the  limestone  lenses  is 

an  imsolved  problem  of  much  interest  and  importance. 

MESOZOIC 

Triassic,—T\it  Triassic  is  represented  by  sedimentaries  and 
associated  lavas  reported  by  Lindgren'  from  the  southern  flank; 
and  by  Condon'  from  the  northern  flank  of  the  Wallowa  Mountains 
in  northeastern  Oregon.  These  beds  are  typically  exposed  along 
Hurricane  Creek,  Eagle  Creek,  and  Powder  River.  The  sedi- 
mentary members  on  Eagle  Creek  consist  of  calcareous  shales, 
limestones,  and  agglomerates,  aggregating  several  thousand  feet. 
Nearer  the  batholitic  core  of  the  range  they  are  altered  to  slates, 
schists  and  marbles.  Farther  west  volcanic  rocks,  including 
basalts,  andesites,  and  tuffs,  comprise  the  dominant  part  of  the 
series,  while  farther  in  the  Wallowa  Mountains  masses  of  green- 
stone occur  which  may  belong  to  this  series. 

J.  P.  Smith^  records  a  section  at  Martin's  Bridge  on  Eagle 
Creek  consisting  of  fossiliferous  shales  and  limestones.  These 
are  but  little  deformed.  They  yielded  several  species  of  Hdobia 
and  a  nimiber  of  corals,  including  MonUivaultia  and  the  cephalopod 
DUhnarites.    Condon  obtained  Halobia  rugosa  Guembel  from  the 

« W.  Lindgrcn,  op.  cit.,  p.  580.  ■  T.  Condon,  Oregon  Geology^  p.  48. 

J  J.  P.  Smith,  Am.  Jour,  of  Sci.y  Series  4,  XXXIII,  92-^6. 
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north  slope  of  the  range,  and  W.  D.  Smith*  notes  fossils  from  near 
the  summit  of  the  range.  These  faunas  are  considered  by  J.  P. 
Smith  as  representing  a  portion  of  the  Hosselkus  limestone  of  Karnic 
and  Noric  stages  of  Upper  Triassic. 

Jurassic. — This  system  is  well  developed  in  southwestern  Oregon 
and  is  also  known  from  the  Blue  Mountains.  Recognizable  Juras- 
sic fossils  were  obtained  by  Condon^  from  Beaver  Creek,  a  tributary 
of  Sihies  River,  and  from  Red  Butte,  north  of  Burns.  Nothing  has 
been  recorded  regarding  the  extent  or  geologic  relationships  of 
these  fossiliferous  beds.  Hyatt,^  who  examined  the  Condon  col- 
lection, describes  the  matrix  as  a  red  sandstone.  An  examination 
of  the  specimens  in  the  Condon  Museum  shows  a  fine-grained  cal- 
careous matrix,  which  is  presumably  an  impure  limestone. 

The  fauna  includes  Peaten  acutiplicatus  Meek,  and  Pholadomya 
neoadana  Gabb  as  its  most  representative  forms.  These  place 
the  age  of  the  beds  as  Lower  Jurassic,  of  the  Hargrave  stage. 

Diller^  has  shown  the  Jurassic  rocks  comprise  the  major  |X)rtion 
of  Oregon  south  and  west  of  Rogue  River.  These  rocks  consist  of 
sedimentary,  metamorphic,  and  igneous  rocks  representing  a  wide 
range  of  rock  types.  The  sedimentaries  have  been  designated  as 
the  Galice  and  Dothan  formations.  Both  formations  are  litho- 
logically  similar,  and  although  now  separated  by  a  mass  of  green- 
stone and  a  zone  of  faulting  the  justification  for  separation  into  two 
formations  has  been  questioned.^ 

The  Galice  formation  outcrops  as  a  band  several  miles  in  width 
extending  northeasterly  from  the  Oregon-California  boundary. 
Northwest  and  roughly  paralleling  this  is  the  type  section  some 
three  miles  wide  and  twenty  to  twenty-five  miles  long.  The  Dothan 
outcrops  in  a  wide  band  still  farther  west  and  possibly  extends 
northeasterly  to  the  vicinity  of  Roseburg,  Douglas  County. 

Both  formations  are  composed  of  dark  shales  and  slates,  sub- 
ordinate amounts  of  conglomerate,  and  lenses  of  red  or  gray  chert. 
Both  are  steeply  tilted,  dipping  generally  to  the  southeast.     The 

» Smith,  W.  D.  Mazamaj  Series  4,  Dec.  19 18,  p.  238. 

*  C.  Washburne,  Jour.  Geol.y  IV  (1906),  222. 

'  A.  Hyatt,  BnU,  Geol,  Soc.  Am,,  V,  401. 

<  J.  DiUer,  op.  cU.,  Fig.  2.  « Winchell,  op.  ciL,  I,  Xo.  5,  p.  35. 
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discordant  dips  support  Diller's  contention  of  distinct  formations. 
Other  field  evidence  indicates  an  overturning  of  these  formations, 
making  the  Galice  the  older. 

Marine  invertebrate  fossils  from  the  Galice  formation  are  the 
basis  for  the  correlation  of  these  beds  with  the  Mariposa  Jurassic 
of  California.  The  fragmentary  remains  found  in  the  Dothan  re- 
semble those  from  the  Galice. 

Franciscan  Jurassic  outcrops  along  the  California-Oregon 
boundary  for  a  distance  of  at  least  ten  miles  from  the  ocean  shore. 
This  region  on  the  Oregon  side,  mapped  as  undiflFerentiated  Jurassic 
by  Diller,^  tmdoubtedly  contains  Franciscan  rocks.  They  also 
occur  farther  north  in  the  Roseburg  Quadrangle,  where  certain  sedi- 
mentary and  metamorphic  rocks  ix)ssibly  once  included  within  the 
Myrtle  Cretaceous  have  been  called  the  Dillard'  and  correlated  upon 
their  lithologic  pecularities  directly  with  the  Franckcan.  It  is  not 
improbable  that  these  rocks  connect  with  the  Franciscan  eighty-five 
miles  farther  south.  Subsequent  work  by  W.  D.  Smith^  and  by 
Davis^  confirms  the  Franciscan  age  of  these  beds  and  adds  weight 
to  the  prevailing  opinion  that  these  rocks  are  of  Jurassic  age,  and 
that  they  are  probably  either  younger  or  older  than  the  Galice. 

Igneous  activity  was  pronounced  during  the  middle  Mesozoic. 
Various  batholithic  masses  were  intruded  into  the  sedimentaries  of 
British  Columbia  and  the  Coast  states,  resulting  in  regional  meta- 
morphism  and  often  mineralization  of  earlier  rocks,  and  either 
initiating  or  accompanying  the  uplift  of  the  Sierras,  Klamath, 
Blue,  and  Wallowa  mountains. 

In  northeastern  Oregon  one  or  more  granodiorite  bathoiiths 
are  now  exposed  as  the  cores  of  Wallowa  and  Blue  mountains. 
Associated  with  these  are  diorites,  gabbros,  and  peridotites  cutting 
the  pre-Cretaceous  rocks  of  this  region.  The  intrusion  of  the  Siski- 
you tonolite  batholith  was  preceded  by  andesitic  extrusives  and 
intrusives,  and  basic  rocks  now  largely  altered  to  serpentines. 
These  extensive  intrusions  of  quartz  diorite  were  later  cut  by  dacite 
and  aplite  dikes.    Although  it  is  possible  to  determine  the  relative 

'  S.  Diller,  op,  ciK,  Fig.  2.  »  G.  D.  Louderback,  Jour,  Geol.,  XIII,  528. 

3  W.  D.  Smith,  Am.  Jour.  ScL,  XLII,  299. 

*  E.  F.  Davis,  Univ.  Col.  Publ.,  BuU.  Geol.  DepL,  II,  40. 
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age  of  these  igneous  rocks,  their  exact  geologic  age  is  unknown, 
they  being  presumably  of  late  Jurassic  age. 

Cretaceous, — ^This  system  is  developed  along  the  southwestern 
flank  of  the  Blue  Mountains,  eastern  Oregon,  and  mainly  within  the 
valleys  of  the  Rogue,  Umpqua,  and  Coquille  rivers  of  southwestern 
Oregon.  The  best-known  localities  within  the  former  region  are 
Mitchell  and  the  vicinity  of  Antone  in  Wheeler  County.  Broad 
exposures  are  found  within  the  Port  Orford,  Coos  Bay,  and  Rose- 
burg  quadrangles,  and  well-recognized  areas  in  the  vicinity  of 
Riddle,  Medford,  and  Ashland.' 

These  rocks  in  part  represent  the  Shasta-Chico  series  of  Cali- 
fornia yielding  characteristic  faunas  and  being  lithologically  similar 
to  that  series.  The  Shasta  includes  the  Myrtle  of  Diller,  whose 
most  recent  definition  would  include  even  the  equivalent  of  the 
lowermost  Knoxville  as  yet  unknown  in  Oregon.* 

The  lower  Myrtle,  or  the  Knoxville  of  Oregon,  as  found  in  the 
above-named  quadrangles,  is  composed  of  shales,  sandstones, 
conglomerates,  and  lenses  of  limestones,  all  of  which  are  in  places 
locally  metamorphosed  and  intruded  by  basic  rocks.  Dark-blue 
shales  so  typical  of  the  Knoxville  are  known  in  several  lower  Myrtle 
areas  in  southwestern  Oregon  as  well  as  at  Mitchell  in  eastern 
Oregon.  This  latter  locality  has  not  as  yet  yielded  determinable 
fossils,  so  its  correlation  with  the  Knoxville  is  only  tentative. 
Heavy  Myrtle  conglomerates  resting  upon  a  basement  complex 
representing  successively  higher  horizons  indicate  a  transgressing 
sea,  which  condition  apparently  continued  until  the  close  of  the 
period. 

The  upper  Myrtle,  containing  a  Horsetown  fauna,  is  well  devel- 
op>ed  in  the  Myrtle  Creek  syncline  of  the  Roseburg  and  Riddle 
quadrangles.  It  is  not  known  to  occur  east  of  the  Cascades. 
These  rocks  are  somewhat  more  variable  lithologically  than  the 
Knoxville,  probably  being  more  conglomeratic. 

The  Chico  group  along  Rogue  River  consists  of  several  thousand 
feet  of  sediments  formed  in  a  transgressing  sea,  which  perhaps 

«  J.  C.  Merriam,  Univ.  Cal,  Publ.  Bull.  Dept.  GeoL,  II,  280. 
*  F.  M.  Anderson,  Proc.  Cal.  Acad.  Set.,  Series  3,  II,  1-154. 
3  B.  Willis,  U.S.  Geol.  Surv.,  Prof.  Paper  No.  71,  p.  618. 
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extended  eastward  to  the  Blue  Mountains,  where  the  sediments 
now  comprising  the  major  portion  of  the  Cretaceous  outcrops  were 
deposited. 

The  rocks  of  the  Cretaceous  system  represent  a  presumably 
conformable  series,  which  everywhere  lies  unconformably  upon  a 
complex  of  older  beds.  Tertiary  strata  generally  are  found  to  be 
markedly  discordant  with  the  Cretaceous.-  A  long  erosion  interval 
appears  to  have  followed  the  withdrawal  of  the  Chico  sea,  during 
which  time  folding  and  intrusions  occurred,  followed  by  erosion 
which  removed  Cretaceous  sediment  of  unknown  extent. 

The  igneous  rocks  of  the  Cretaceous  include  gabbro,  basalt, 
dacite-p)orphyry,  and  other  rocks  now  altered  to  serpentine.  These 
cut  the  Myrtle  group  in  the  order  mentioned. 

The  Knoxville  fauna  is  meager,  including  the  boreal  Aucella 
piochii  (Gabb)  and  A.  crassicollis  Keyserling  characterizing  the 
lower  and  upper  Knoxville  respectively.  The  tropical  Horsetown 
fauna  from  Riddle  comprises  about  fifteen  species,  several  of  which 
are  known  from  the  California  Chico.  The  Chico  of  Rogue  River 
valley,  at  Mitchell,  and  near  Antone  in  eastern  Oregon  have  yielded 
a  large  fauna  having  local  characteristics,  yet  being  closely  related 
to  the  Upper  Cretaceous  of  California  and  having  strong  affinities 
with  the  Cretaceous  of  the  Orient.^  As  yet  no  marine  reptiles,  so 
well  represented  in  the  interior  sea  to  the  eastward,  have  been  dis- 
covered in  the  Pacific  Coast  province. 

Four  Pacific  Coast  Mesozoic  floras,  known  as  the  Oroville,  the 
Oregon,  the  Shasta,  and  the  Chico,  have  been  recognized  by  paleo- 
botanists  and  have  yielded  evidence  as  to  the  age  of  certain  beds 
which  is  difficult  to  reconcile  with  that  afforded  by  the  marine 
invertebrates.  The  oldest  of  these,  the  Oroville,  is  from  California 
and  is  thought  to  be  Middle  Jurassic  or  pre-Marap)osa.  The  Oregon 
flora  is  represented  by  the  Thompson  Creek,  Douglas  County, 
locality,  and  consists  of  over  one  hundred  species,  which  show  close 
affinities  with  the  Oolite,  Middle  Jurassic,  yet  they  appear  to  be 
assodated  with  Knoxville  invertebrates  which  paleontologists 
consider  as  belonging  to  Lower  Cretaceous.  The  Shasta  fauna 
from  Elk  River,  Jackson  County,  is  certainly  associated  with  a 

'  F.  M.  Anderson,  op.  c//.,  p.  62. 
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Knoxville  fauna,  including  a  number  of  well-known  species.  The 
latest,  or  Chico,  flora  is  not  well  represented  in  Oregon  but  is  in 
closer  agreement  with  the  invertebrate  faunas. 

CENOZOIC 

Eocene. — Marine  Eocene  is  known  to  comprise  parts  of  the 
Coast  Range'  of  Oregon  from  Rogue  River  northward  to  the  Colum- 
bia, being  well  developed  along  their  western  flank  within  the  Port 
Orford  and  Coos  Bay  quadrangles,  and  along  their  eastern  flank 
within  the  Roseburg  Quadrangle.  These  sediments  outcrop  along 
the  western  base  of  the  Cascades  east  of  Roseburg  and  at  several 
localities  within  the  Willamette  Valley. 

The  Eocene  rocks  consist  of  sandstones,  shales,  carbonaceous 
shales  and  coals,  conglomerates,  tuffs,  basalts,  and  various  intru- 
sives. 

The  Umpqua-Arago^  group,  including  the  marine  and  estuarine 
deposits,  may  represent  over  20,000  feet  of  sediments,  which  are 
divided  into  a  number  of  formations,  the  exact  positions  in  the 
geologic  coliunn  of  several  of  which  are  as  yet  imcertain.  The 
oldest,  the  Umpqua  group,  is  well  developed  on  Little  River, 
Roseburg  Quadrangle,  where  it  consists  of  7,500  feet  of  marine  sed- 
iments. This  group  includes  the  Wilbur  tuff — lentils,  the  Umpqua 
formation,  the  Tyee  sandstone,  and  possibly  the  Oakland  lime- 
stone formations.  The  most  important  of  these  is  a  rather  coarse- 
grained, thick-bedded  sandstone  known  as  the  Tyee  sandstone. 
This  has  been  traced  by  Washbume^  from  Rogue  River  Mountain 
northward  along  the  Coast  Ranges  into  Tillamook  County. 

The  Arago,  the  lower  part  of  which  may  be  the  equivalent  of  a 
part  of  the  Umpqua  formation  and  the  later  Tyee  sandstone,^ 
is  found  within  the  coast  quadrangles  and  consists  mainly  of  sand- 
stones and  shales,  some  of  which  are  coal-bearing.  The  older 
Pulaski  formation  also  includes  some  fossiliferous  limestone  and 
basaltic  tuffs.  The  younger  Coaledo  formation  is  coal-bearing, 
but  along  the  eastern  margin  of  the  field  includes  some  basaltic 

'  S.  Dilier,  US.  Gecl.  Surv.,  17th  Ann.  Rept.,  Part  I,  p.  469. 
^    '  Ibid.,  Folios  49,  73,  and  89. 
*  C.  W.  Washbume,  'U.S.  Geol.  Surv.,  Butt.  590,  p.  9. 
<  R.  E.  DickeisoD,  Proc.  Cal.  Acad.  Set,,  Series  4,  IV,  114. 
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flows  and  diabase.  Probable  equivalents  of  the  upper  portion  of 
this  series  are  found  in  the  lone  lacustrine  deposits  within  the  Rogue 
River  valley. 

The  Eocene  beds  have  been  thrown  into  gentle  folds,  which 
even  along  the  crest  of  the  Coast  Range  are  nowhere  as  steep  as 
those  developed  in  the  Myrtle  or  older  beds.  In  places  normal 
faults  have  developed,  the  thrust  fault  being  less  frequently 
seen. 

Eocene  invertebrates  occur  at  a  number  of  localities.  These 
are  typical  Tejon  forms,  including  the  well-known  TurriUUa 
uvasana  Gabb  and  Venericardia  planicosta  merriami  Dickerson. 
The  large  fauna  from  the  Little  River,  Roseburg  Quadrangle,  as 
shown  by  Dickerson,  belongs  to  the  Siphonalia  sutterenses  zone  of 
upper  Tejon.  Since  this  was  found  some  10,000  feet  from  the  base 
of  the  Umpqua-Arago  series,  and  since  the  Arago  of  Diller  has  been 
by  several  considered  later  than  the  Umpqua  formation,  it  may 
prove  to  be  the  brackish  water  equivalent  of  the  lone  Eocene  of 
California. 

With  the  beginning  of  the  Eocene  eastern  Oregon  became  a 
province,  distinct  both  geologically  and  physiographically.  The 
oldest  Tertiary  beds  have  been  described  as  the  Clamo  by  Merriam,' 
and  named  after  the  type  locality,  Clamo  Ferry,  WKeeler  County. 
The  formation  was  also  recognized  in  the  vicinity  of  Fossil  and 
along  the  west  side  of  John  Day  River,  and  was  later  extended 
eastward  to  Heppner,"  as  a  strip  ten  to  fifteen  miles  wide. 

The  Clamo  is  typically  composed  of  varicolored  sandstones  and 
shales,  which  are  in  places  carboniferous,  grading  upward  into  paper 
shales  and  coarse  rhyolitic  tuffs.  In  places  near  the  bottom  ande- 
sitic  flows  are  found,  while  rhyolites  occur  nearer  the  top  of  the 
section. 

These  beds  range  from  400  to  2,000  feet  in  thickness.  They 
have  dips  as  high  as  23  degrees,  which  may  be  locally  increased 
upon  fault  blocks.  The  Clamo  rests  unconformably  upon  Chico 
Cretaceous  at  Mitchell  and  up)on  the  Knoxville  ( ?)  shales  farther 
west.     An  angular  unconformity  with  the  overlying  John  Day  beds 

» J.  C.  Merriam,  op,  cU.^  II,  285. 

» W.  G.  Mendenhall,  UJS.  Geol.  Surv.,  BuU,  341,  p.  406. 
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has  yet  to  be  reported.  It  is,  however,  presumed  that  a  hiatus 
between  the  two  will  be  found. 

These  terrestrial  beds  have  yielded  fossil  plants  only,  which 
were  early  discovered  at  Bridge  Creek  by  Condon.  The  flora,  as 
determined  by  Knowlton,  comprises  about  twenty-five  forms,  which 
indicate  the  Eocene  age  of  the  formation.  There  is  some  evidence 
that  both  the  lower  and  upper  Eocene  floras  are  represented. 

In  Malheur  and  Harney  coimties  a  series  of  sedimentary  beds 
occupies,  in  part,  the  Snake  River  Valley  from  a  point  near  Owyhee 
northward  to  Ontario,  extending  westward  to  a  locality  some  thirty 
mUes  southwest  of  Vafe. 

These  beds  consist  mainly  of  unconsolidated  gravels,  sands,  clays, 
and  volcanic  ash.  Similar  beds  along  Snake  River  in  Idaho  have 
been  described  by  Lindgren^  as  the  Payette  formation.  He  ascribes 
their  origin  to  a  large  Neocene  lake,  but  Russell"  inclined  to  the  belief 
that  the  Oregon  beds  were  of  fluvatile  origin.  These  may  well  in- 
clude other  Tertiary  strata,  as  Washbume^  suggests,  and  as  is  appar- 
ently proved  by  Merriam*  by  the  discovery  of  the  Ironside  formation 
at  Ironside.  The  fossil  leaves  and  fresh-water  moUusks  indicate 
an  early  Tertiary  age  for  these  beds.  The  Payette  has  been  corre- 
lated with  the  lone,  Upper  Eocene  of  California,  upon  the  basis  of 
fossil  plants,  and  with  the  Upper  Clamo  of  the  John  Day  Valley 
by  Merriam.  If  it  is  the  equivalent  of  the  Upper  Clamo  the  sedi- 
mentation was  much  more  rapid  in  the  Payette  Basin. 

Oligocene, — Certain  marine  beds  at  Astoria,  well  known  through 
the  early  work  of  Dana,  Conrad,  and  Condon,  were  the  first  of  the 
entire  coast  to  be  assigned  to  the  Oligocene.  The  basis  upon  which 
the  correlation  was  first  made  by  Dall  has  not  as  yet  been  discussed. 
This  Astoria  section  now  serves  as  the  type  section  for  the  west- 
coast  Oligocene,  which  is  now  known  to  be  well  developed  in  the 
adjoining  states. 

In  Oregon,  Oligocene  faunas  have  been  identified  by  Clark^  and 
others  from  a  number  of  localities,  mainly  in  Clatsop,  Columbia, 

'  W.  Lindgren,  U^,  Geol.  Surv.,  Folio  103,  p.  2. 

» I.  C.  Russell,  ibid.,  Bull,  252,  p.  31. 

» C.  Washburne,  ibid,,  Bull.  431,  p.  27. 

*  J.  C.  Merriam,  op,  cit.jX,  in. 

5  B.  L.  Clark,  Univ.  Cal.  PubL,  BuU.  Dept,  Geol.,  II,  102. 
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and  Tillamook  counties,  and  at  Eugene,  Lane  County.  These 
and  other  less  well-known  localities  indicate  that  the  Oligocene  is 
quite  extensively  developed  throughout  northwestern  Oregon, 
eastward  to  the  foothills  of  the  Cascades,  and  at  least  as  far  south 
as  Eugene.  Much  remains  to  be  done  in  connecting,  or  correlating, 
these  rather  isolated  areas. 

These  Oligocene  strata,  aggregating  several  hundred  feet, 
consist  of  marine  shales,  sandstones,  conglomerates,  tuflfs,  and 
basaltic  intrusives,  varjong  considerably  in  character  from  locality 
to  locality. 

The  Oligocene  marine  fauna  of  Oregon  is  but  imperfectly  known, 
the  Molopopharous  lincolnensis  and  the  AcUa  geUysburgensis  zones 
of  Washington  being  certainly  recognized. 

The  upper  Oligocene  is  well  developed  within  the  John  Day 
Valley,  where  some  1,500  feet  of  sedimentaries  are  known  as  the 
John  Day  series.  It  is  well  exposed  along  the  valleys  of  the  John 
Day  from  Picture  Gorge  to  Clamo,  and  along  the  North  Fork  to  a 
point  some  distance  above  Monument.  Other  isolated  localities 
are  known  outside  the  John  Day  drainage  basin.  The  series  is 
divisible  into  three  lithologic  and  paleontologic  divisions,  the  lower 
of  which  is  characteristically  composed  of  red,  green,  or  white 
shales;  themiddledivisionby  drab  and  bluish  tuffs;  and  the  upper 
by  buff  tuffs,  rhyoUte,  sands,  and  gravels.  These  terrestrial  beds 
are  but  little  deformed,  dips  of  5  to  10  degrees  being  rather  excej>- 
tional. 

The  remarkable  vertebrate  faima  is  confined  to  the  two  upper 
divisions,  the  middle  yielding  a  Diceraiherium  zone  fauna  of  over 
fifty  species.  The  upper  fauna  is  that  of  the  Promerycochoerus 
zone.  This  John  Day  fauna  of  over  one  hundred  species  is  corre- 
lated with  the  upper  p)ortion  of  the  White  River  group. 

Neocene. — ^The  Neocene  of  western  Oregon  is  represented  by  a 
series  of  sedimentaries  yielding  a  lower  or  Monterey  faima,  and  an 
upper  or  Empire-Merced  fauna.  The  beds  yielding  the  Monterey 
fauna  have  not  as  yet  been  clearly  differentiated  from  the  Astoria 
group,  so  that  their  distribution  and  geologic  characteristics  can 
be  given  only  in  the  most  general  terms.  They  include,  in  part, 
the  *' Solon  Beds"  of  Condon.    The  strata  at  these  localities  con- 
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sist  of  marine  sandstones  and  shales  of  as  yet  an  undetermined 
thickness. 

An  invertebrate  Monterey  fauna  is  reported  by  Arnold  and 
HannibaP  from  Astoria,  Mountain  Dale,  Westpoint,  Tillimook, 
and  along  the  ocean  shore  in  the  vicinity  of  Newport.  Much,  if  not 
all,  of  the  reported  Miocene  in  the  Coast  Ranges  and  the  Willamette 
Valley  is  now  assigned  to  the  Oligocene.  A  fauna  of  over  thirty 
species  has  been  obtained  by  Hannibal  at  Astoria,  including  Area 
devincta  Conrad,  Pecten  propattdus  Conrad,  TurriteUa  oregonensis 
Conrad.  These  are  thought  by  him  to  be  characteristic  of  the 
Monterey  of  California,  which  is  of  lower  Miocene  age.  Marine 
vertebrates,  including  Desmosiylus  hesperus  Marsh,  and  Desmato- 
phaca  oregonensis  Condon,  have  been  foimd  in  these  beds  in  the 
vicinity  of  Newport.  These  important  fossils  point  to  a  middle 
Tertiary  age  of  these  beds. 

The  upper  Neocene  beds  were  described  by  Diller"  as  the  Empire 
and  assigned  to  the  Miocene.  They  are  known  from  the  Coos  Bay 
and  Port  Orford  quadrangles,  where  they  consist  of  light-colored 
shales  and  sandstones,  which  are  in  places  massive.  These  rocks, 
aggregating  about  five  hundred  feet  in  thickness,  lie  unconformabiy 
upon  the  folded  edges  of  the  Eocene  sediments,  and  in  turn  are 
disconformable  with  the  overlying  Pleistocene  deposits. 

Ball's*  list  of  90  species  of  marine  vertebrates  from  the  Empire 
has  been  considerably  extended  by  subsequent  workers.  This 
formation  until  recently  considered  of  Miocene  age  is  now  thought 
to  belong  to  the  early  Pliocene.^ 

Unconformabiy  overlying  the  Empire  beds  at  Fossil  Point, 
Coos  Bay,  is  a  mass  of  heavy  conglomerates  known  as  the  Coos 
conglomerates,  some  thirty  feet  in  thickness,  which  has  yielded  a 
small  marine  fauna,  considered  Pleistocene  by  Dall,*  but  Pliocene 
by  several  other  workers. 

Terrestrial  beds  discovered  by  LeConte  and  more  recently 
described  by  Williams^  as  the  Eagle  Creek  formation  occur  at  or  near 

*  R.  Arnold  and  H.  Hannibal,  Proc.  Am.  Phil,  Soc,,  LII,  576. 
» J.  Diller,  U.S.  Geal.  Surv,,  17th  Ann,  Rtpt.,  Part  I,  p.  475. 

*  W.  H.  Dall,  U.S.  Ged.  Surv.,  Prof.  Paper  5p,  p.  18. 

4  B.  L.  Clark,  and  R.  Arnold.  BuU.  Ged.  SoC.  Am.,  XXDC,  298. 

*  W.  H.  Dall,  op.  cit.y  p.  19. 

*  I.  A.  Williams,  Mineral  Resources  of  Oregon,  Oregon  State  Min.  Bur,,  II,  80. 
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the  base  of  the  Columbia  lavas  at  f^gle  Creek,  Multnomah  County. 
This  formation  consists  of  hardened  ashy  clay  and  has  yielded  a 
flora  of  over  forty  species,  which  is  thought  to  be  of  upper  Miocene 
age.  Such  a  determination  would  place  the  Coliunbia  lava  in  the 
late  Miocene,  or  Pliocene,  which  is  contrary  to  the  evidence  afforded 
by  the  Mascall  fauna,  which  occurs  within  the  John  Day  Valley 
and  has  yielded  an  extensive  middle  Miocene  fauna. 

Unfortimately  this  name  is  preoccupied  by  the  Triassic  Eagle 
Creek  beds  of  the  Wallowa  Mountains.  The  Miopene  formation 
might  well  be  called  the  Warrendale  formation,  from  the  town  of 
that  name,  near  Eagle  Creek,  a  tributary  of  the  Coliunbia. 

W.  D.  Smith'  has  described  a  series  of  at  least  four  hundred  feet 
of  buff-colored  tuffs  occurring  on  the  Santiam  River  near  Cascadia, 
which  may  be  correlated  with  the  Warrendale  formation,  or  pKis- 
sibly  with  the  John  Day.  As  yet  no  fossil  remains  have  been  found 
in  these  tuffs. 

Lying  above  the  Warrendale  formation,  which  may  later  prove 
but  a  local  interbedded  deposit,  is  the  Columbia  lava,  a  name 
applied  by  Russell  to  basaltic  flows  occurring  extensively  in  eastern 
Washington  and  redefined  by  Merriam'  to  include  only  the  lavas 
younger  than  the  John  Day  Oligocene  and  older  than  the  Mascall 
middle  Miocene.  As  thus  defined  the  Coliunbia  lava  is  a  wide- 
spread formation  covering  large  areas  in  eastern  Oregon,  eastern 
Washington,  western  Idaho,  and  northern  California,  entering 
into  the  structure  of  the  Oregon  Cascades  as  shown  by  Diller, 
Williams,  and  Smith,  and  occurring  presumably  in  discontinuous 
areas  of  western  Oregon. 

The  Columbia  lava  series  consists  of  basaltic  flows,  often  inter- 
bedded with  lateritic  deposits  and  tuffs.  These  vary  considerably 
from  place  to  place  as  regards  number  and  thickness.  Twenty- 
three  have  been  counted  on  the  John  Day  and  twenty  in  the 
Columbia  gorge. 

East  of  the  Cascades  these  flows  are  often  but  comparatively 
little  deformed,  though  in  places  they  have  been  faulted,  resulting 
in  the  typical  block-fault 'type  of  mountains.     In  some  places  this 

» W.  D.  Smith,  Univ.  of  Oregon  Bull.  16,  p.  38. 
^J.  C.  Merriam,  op.  cU.,  II,  304. 
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apparent  folding  may  be  due  to  pre-existing  irregular  topography. 
Along  the  Columbia  River  gorge  the  flows  are  seen  to  be  thrown  into 
an  anticlinorium. 

The  age  of  this  series  of  flows  is  definitely  limited  by  the  middle 
Miocene  Mascall  and  the  John  Day  Oligocene. 

Beds  unconformably  overlying  the  Columbia  lava  within  the 
John  Day  Valley  have  been  named  the  Mascall  formation.*  These 
beds,  aggregating  about  one  thousand  feet,  consist  of  conglomerate, 
sand,  ash,  and  tuff,  and  have  yielded  a  rich  vertebrate  faima  and  a 
well-defined  flora,"  of  middle  Miocene  age. 

The  Pliocene  of  eastern  Oregon  is  represented  by  the  Rattle- 
snake,^ Ironsides,  and  Idaho  beds.  The  oldest  of  these,  the  Rattle- 
snake, is  typically  developed  on  Rattlesnake  Creek,  near  the  Mascall 
Ranch  on  John  Day  River.  These  beds  have  been  recognized 
by  Osmont  in  the  Crooked  River  Valley.  The  Rattlesnake  con- 
sists of  coarse  basal  gravels,  brown  tuff,  and  a  rhyolite  flow. 
This  formation  has  been  deformed  and  in  places  faulted.  Its  verte- 
brate fauna,  though  meager,  is  sufficient  to  indicate  an  early 
Pliocene  age. 

Sedimentary  beds  at  Ironside,^  Malheur  Coimty,  have  recently 
been  designated  the  Ironside  formation.  Buff-colored,  sandy  shales 
and  shales  of  possibly  two  hundred  feet  in  thickness,  now  deformed, 
}ielded  a  small  vertebrate  fauna  which  Merriam  considers  as  being 
yoimger  than  the  Rattlesnake  Pliocene. 

Lindgren*  has  described  certain  lacustrine  deposits  along  Snake 
River  as  the  Idaho  formation.  This  has  not  been  distinctly  sepa- 
rated structurally  and  lithologically  from  the  earlier  beds  of  the 
same  region  known  as  the  Payette,  though  the  presence  of  equine 
and  proboscidian  remains  prove  the  presence  of  later  beds. 

PSYCHOZOIC 

Pleistocene. — ^The  Pleistocene  of  Oregon  includes  lake,  glacial, 
and  river  deposits,  marine  conglomerates,  sands,  peat,  and  extensive 
igneous  formations:    It  is  yet  too  early  to  put  all  these  widely 

'  J.  C.  Merriam,  op.  cil.,  II,  305. 

» F.  H.  Knowlton,  US,  Geol.  Surv.y  Bull.  204,  1902. 

^Op.  cU.y  p.  310.  <  J.  C.  Merriam,  op.  cU.,  X,  129. 

*  W.  Ltndgren,  U.S.  Gad.  Surv.,  Folio  103,  p.  2. 
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separated  and  heterogeneous  materials  in  their  proper  chronological 
order. 

At  many  points  along  the  Oregon  coast,  but  especially  well 
developed  at  Cape  Blanco,  we  find  marine  conglomerates,  sands,  and 
shell  beds  lying  imconformably  above  the  Empire  (Pliocene)  and 
nearly  horizontal,  but  with  a  slight  southerly  dip.  The  section  at 
Cape  Blanco  is  described  and  figured  by  Diller." 

There  are  two  distinct  horizons  above  the  Empire  here,  the 
lower  one  being  presumably  the  Cape  Blanco  beds  of  Diller  which 
Dall  has  suggested  may  correspond  to  the  Merced  of  California 
and  hence  Pliocene.  The  upper  part  with  recent-looking  shells  is 
Pleistocene,  without  much  doubt.  These  have  been  called  the 
Elk  River  beds,  which  Arnold  and  Hannibal'  correlate  with  the 
Saanich  formation  of  Puget  Sound.  These  investigators  do  not 
appear  to  make  any  separation  of  the  beds  overlying  the  Empire. 

Diller  notes  a  lithologic  difference  between  the  Blanco  and  the 
Elk  River  beds,  chiefly  in  the  matter  of  consistency.  This  may  be 
of  little  significance.  Similar  Pleistocene  marine  deposits  can  be 
seen  in  similar  position  all  along  the  Oregon  coast  to  the  Columbia 
River. 

From  a  consideration  of  the  above-mentioned  deposits  we  are 
led  to  discuss  the  Satsop  formation  of  Bretz,^  in  which  this  investi- 
gator includes  some  at  least  of  these  coastal  gravels.  His  type 
locality  for  this  formation  is  in  the  Chehalis  Valley,  Washington, 
and  the  formation  is  especially  well  represented  in  Oregon  along  the 
Sandy,  a  tributary  of  the  Columbia  River,  near  Portland.  Bretz's 
description  of  this  formation  along  the  Sandy  is  as  follows: 

The  formation  is  at  least  600  feet  thick  along  the  Sandy  River,  with  the 
base  below  river-level.  The  material  is  stream-bedded  gravel  and  sand, 
indurated  in  some  places  to  a  conglomerate  and  sandstone.  Quartzite  is  a 
common  constituent  for  10  miles  south  of  the  Columbia,  but  has  not  been  found 
more  than  15  miles  from  the  master-stream.  Quartzite  and  basalt  are  the 
most  important  constituents. 

The  Satsop  formation  of  the  lower  Willamette  Valley  is  maturely  dissected, 
the  dissection  adjusted  to  a  base-level  200  feet  or  more  above  present  flood 

'J.  S.  Diller,  U.  S.  Geol.  Surv.,  Bull.  iq6,  p.  31. 
« R.  Arnold  and  H.  Hannibal,  op.  cit.,  LII,  508. 
» J  H.  Bretz,  Jour.  Geol.,  XXV,  No.  5  (191 7),  446-59. 
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plains.  This  level  is  recorded  in  the  major  valleys  by  a  prominent  terrace 
developed  mostly  in  the  Satsop  formation  but  in  places  cut  in  the  underlying 
basalt.    This  is  the  Cowlitz  Terrace  already  described. 

The  uplands  of  this  Satsop  plain  bear  a  red  clay  soil  10-15  ^^^^  deep.  This 
grades  down  into  a  much-decomposed  gravel.  At  a  depth  of  30  feet  the 
pebbles  are  decayed  only  on  the  exterior.  Below  50  feet  most  of  the  material 
is  hard  and  ringing  when  struck  with  the  hammer.  Near  the  Columbia  the 
clayey  residual  soil  on  the  top  of  the  Satsop  formation  contains  scattered  quartz- 
ite  pebbles,  hard,  bright,  polished,  and  apparently  unaffected  by  the  weather- 
ing which  has  reduced  the  associated  basaltic  pebbles  to  a  structureless  clay. 

The  present  writers  have  examined  this  formation  along  the 
Sandy  and  the  Columbigi  rivers  near  Crown  Point,  but  have  not 
traced  it  over  anything  like  the  territory  covered  by  Bretz.  Wher- 
ever they  have  seen  it  the  formation  appeared  to  be  an  ordinary 
river  gravel  plastered  against  the  sides  of  the  valleys  and  on  benches 
above  the  present  stream  beds.  We  did  not  see  it  disappear  under 
the  andesitic  lavas  at  any  point,  though  we  are  not  prepared  to  say 
that  is  may  not  do  so.  A  deposit  of  gravel  might  very  easily  be 
laid  down  underneath  an  undercut  cliff  and  in  this  way  give  one  the 
impression  of  having  been  laid  down  first,  with  a  lava  flow  rolling 
out  on  top  of  it  later. 

With  these  river  gravels  Bretz  correlates,  by  taking  a  long  jump, 
the  gravels  already  referred  to,  occurring  at  Cape  Blanco  and 
Elk  River.  He  also  suggests  the  inclusion  of  the  quartzitic  gravels 
m  eastern  Oregon  at  The  Dalles.  Why  not  go  farther  east  to  the 
John  Day  country,  where  the  Rattlesnake  formation  (Pliocene)  is 
found  to  contain  many  quartzitic  pebbles!  As  yet  no  fauna  has 
been  foimd  in  these  Cascade  gravels. 

FossO  leaves  were  found  in  this  formation  by  J.  B.  Winstanley, 
of  Portland,  and  collections  were  made  by  R.  W.  Chaney,  of  the 
University  of  Chicago.  Of  these  I.  Williams,^  in  his  Columbia 
Gorge  paper,  says: 

The  fossil  horizon  is  exposed  three-fourths  of  a  mile  back  from  the  Sandy 
River  road,  in  the  south  side  of  the  canyon  of  Buck  Creek  25  feet  above  the 
water,  beneath  an  overhanging  cliff  of  conglomeratic  phase  in  which  pebbles 
of  polished  quartzite  are  common.  Mr.  Chaney  states  that  in  this  one  exposure 
of  the  Satsop,  four  genera  and  at  least  seven  species  of  plant  life  are  represented. 

'  I.  Williams,  Ore.  Bur.  Mines  and  Geol.,  II,  No.  3 
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They  include  the  oak,  willow,  walnut,  and  the  sequoia.  The  latter  is  appar- 
ently the  living  redwood  of  California.  Both  the  oak  and  the  willow  likewise 
closely  resemble  their  living  relative^  in  that  sister-state  at  the  south. 

There  are  in  this  Satsop  flora  above  the  Columbia  basalt  remains  of  several 
of  the  same  genera  found  in  the  Eagle  Creek  strata  below  that  great  body  of  lava, 
but  their  specific  characters  are  so  markedly  more  modem  as  to  brand  this 
flora  at  once  as  belonging  to  a  distinctly  later  age.  On  the  other  hand,  this 
flora  includes  plants  that  at  present  grow  upon  the  earth,  most  of  them,  how- 
ever, flourishing  only  in  the  warmer  climate  of  lower  latitudes.  Such  equiva- 
lence to  living  forms  might  imply  enforced  migration,  the  retrieval  of  lost 
territory  having  not  yet,  to  the  present,  been  made.  Or  more  likely,  that  the 
climate  in  which  they  grew,  and  prior  to  their  displacement,  was  a  more  equable 
one  than  ours  of  today.  In  any  case,  similarity^  with  land  plants  found  else- 
where in  undoubted  Pleistocene  strata,  as  well  as  with  those  of  the  present, 
affords  us  tentative  grounds  at  least  for  saying  with  added  confidence  that  the 
Satsop  formation,  as  it  enters  into  the  structure  of  the  Cascade  Range,  appears 
to  belong  to  the  Pleistocene. 

The  deposits  at  Fossil  Lake  and  at  other  lakes  of  the  semiarid 
region  of  south-central  Oregon  are  definitely  referred  to  the  Pleisto- 
cene. First  it  should  be  stated  that  the  avifauna  and  equifauna 
mentioned  in  the  literature  in  connection  with  Silver  Lake  came 
from  Fossil  Lake  a  few  miles  northeast  of  Silver  Lake.  As  there 
are  two  Silver  Lakes  in  south-central  Oregon,  the  name  Fossil  Lake 
ought  to  be  used  to  the  exclusion  of  that  of  Silver  Lake. 

This  lake  is  now  dried  up,  and  the  surface  material  consists  of  a 
light-colored  mixture  of  sand,  clay,  and  silts.  Some  of  this  may  be 
a  fine-grained  tiiff.  Deposits  of  tufa,  or  lime  carbonate,  are  found 
covering  much  of  the  surface  about  these  lakes. 

We  cannot  refer  these  deposits  to  their  proper  zone  at  the  present 
time.  In  these  same  beds  containing  Pleistocene  animals  there 
were  some  human  artifacts,  chiefly  arrowheads,  which  it  is  thought 
are  of  more  recent  origin. 

Extensive  and  highly  important  collections,  principally  of  birds 
and  horses,  have  been  made  here  by  various  institutions,  Dr. 
Thomas  Condon  being  the  first  scientist  to  explore  them.  The 
most  notable  studies  made  on  this  subject  are  by  Schufeldt*  and 
by  Cope.*    Many  bones  of  the  mammoth,  of  camels,  and  horses 

'R.  W.  Schufeldt,  Jour.  Acad.  Nat  Sci.,  Philadelphia  (1892),  No.  9. 
*  E.  D.  Cope,  Am.  Natural.,  XXXIII,  970-82. 
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(E.  pacificus)  from  this  locality  are  in  the  Condon  Museum  at  the 
University  of  Oregon.  A  flamingo  is  perhaps  the  most  striking 
feature  of  this  fauna.  Schufeldt  thought  that  these  deposits  were 
of  Pliocene  age,  but  Osbum  and  others  have  shown  that  they  must 
be  early  Pleistocene. 

Above  the  Columbia  lava  and  the  Satsop  is  the  great  pile  of 
more  recent  lavas  in  the  Cascade  Range  which  have  been  found  to 
be  predominantly  andesitic.  A  part  of  this  series  of  several  thou- 
sand feet  of  thickness  is  undoubtedly  Pleistocene,  but  the  lowest 
portion  may  be  Pliocene  and  the  upper  portion  may  be  Recent. 
These  lavas  make  up  the  bulk  of  the  several  more  or  less  eroded 
cones,  such  as  Hood,  Jefferson,  Three  Sisters,  and  McLoughlin, 
which  rest  upon  the  Cascade  basaltic  lava  plateau. 

No  comprehensive  article  or  book  has  been  devoted  to  the 
subject  of  glaciation  in  Oregon,  and  very  few  papers  of  any  kind 
have  discussed  it.  On  the  highest  mountains  in  the  state,  in  the 
Wallowa  Mountains  and  the  Cascades,  there  are  mere  remnants  of 
one-time  large  glaciers,  and  these  are  relatively  unimportant.  We 
have  never  seen  a  catalogue  of  the  glaciers  in  Oregon  and  do  not 
know  exactly  how  many  there  are."  In  the  Wallowa  Mountains 
there  is  only  one  glacier  of  any  consequence,  and  it  is  not  large. 
On  Mount  Hood  there  are  eight,  on  Jefferson  four,  and  on  Three 
Sisters  eleven.  How  many  there  are  on  Mount  Washington  is  not 
knowi\.  Mount  McLoughUn  is  too  far  south,  we  believe,  and  not 
of  sufficient  height  to  have  much  ice  upon  it. 

Though  the  existing  glaciers  are  small  in  Oregon  (the  largest. 
Collier  Glacier  on  the  Sisters,  being  not  over  a  mile  in  length)  they 
were  once  much  more  extensive,  for  their  despoits  are  found  at 
much  lower  elevations. 

Every  class  of  glacial  deposit  characteristic  of  alpine  glaciers 
can  be  found  within  the  limits  of  the  state.  The  largest  moraine 
the  writers  have  seen  is  the  lateral  moraine  on  the  east  side  of 
Wallowa  Lake  in  the  extreme  northeastern  part  of  the  state.  This 
is  about  six  miles  long,  one-fourth  of  a  mile  wide,  and  between 
sLx  and  seven  hundred  feet  high.     It  is  fivefold  at  its  lower  end. 

Perhaps  the  most  interesting  and  at  the  same  time  most  puzzling 
phenomenon  connected  with  the  subject  of  glaciation  in  Oregon  is 
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the  erratics  of  granite,  quartzite,  and  argillite  to  be  found  here  and 
there  in  the  Willamette  and  adjacent  valleys  in  western  Oregon. 
One  of  these  erratics  is  a  pwlished  and  striated  quartzite  bowlder 
about  the  size  of  one's  head.  The  striations  are  unmistakably 
of  glacial  origin.  Their  presence  has  been  explained,  perhaps 
correctly,  by  Condon  as  having  been  dropp>ed  from  icebergs  floating 
in  the  '*  Willamette  Sound."  It  is  difficult  to  explain  the  presence 
of  these  on  any  other  basis,  as  they  could  hardly  have  been  brought 
down  from  the  upper  Willamette  Valley,  since  no  such  rocks  have 
yet  been  found  near  the  headwaters  of  that  system  of  drainage. 
However,  all  these  rocks  are  found  in  eastern  Oregon,  whence  they 
might  have  been  transp)orted  by  the  Columbia. 

There  was  undoubtedly  a  large  body  of  water  occupying  at 
least  the  lower  portion  of  the  Willamette  Valley,  but  this,  as  both 
Dr.  Condon  and  his  daughter,  Mrs.  McComack,  expressly  stipulate, 
was  in  part  fresh.  Thus  the  use  of  the  term  "sound"  is  perhaps 
unfortunate.  The  flatness  of  the  floor  of  the  Willamette  Valley 
has  been  attributed  to  the  presence  of  this  sound,  but  is  more 
easily  explained  by  aggradation  and  the  lateral  planation  by  the 
river. 

A  fauna  from  scattered  localities  within  the  Willamette  Valley 
has  been  reported  by  Mrs.  McComack.^  The  interpretation  of  this 
faima,  which  includes  a  horse,  a  bison,  a  mammoth,  and  a  camel, 
may  have  an  important  bearing  upon  the  *' Willamette  Soimd"  and 
the  "Satsop"  problems. 

Recent, — ^Among  the  forms  of  deposits  and  events  of  the  Recent 
period  in  Oregon  we  may  note  the  following: 

1.  Gravels — stream,  ocean  littoral. 

2.  Talus — on  the  valley  sides. 

3.  Dunes  along  the  coast  and  in  lake  region  of  eastern  Oregon. 

4.  Peat  bogs  in  the  coastal  dime  area. 

5.  Volcanic  deposits  in  the  Cascades. 

6.  Shore  deposits,  beaches,  bars. 

This  list  does  not  pretend  to  give  the  chronological  sequence, 
about  which  there  is  more  or  less  conjecture.  Some  of  these 
undoubtedly  are  synchronous.  About  the  first  two  little  need  be 
said,  as  these  are  found  everywhere. 

'  Ellen  Condon  McCornack,  Univ.  Ore,  Bull.,  XII,  No.  2  (1914),  13. 
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Fig.  2. — Geologic  column  of  eastern  Oregon 
(i)   These  thicknesses  are  in  most  cases  only  approximations. 

(2)  The  relationship  to  the  Satsop  is  unknown. 

(3)  The  relationship  to  the  John  Day  is  unknown. 
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\ 
In  the  topography  of  the  Oregon  coast  dunes  are  especially  note- 
worthy, since  Neocene  and  Pleistocene  sandy  formations  outcrop 
throughout  practically  its  whole  length.  These  shifting  sands  have, 
besides  resulting  in  dunes,  caused  the  formation  of  a  chain  of  very 
interesting  and  picturesque  lakes.  These  lakes  owe  their  existence 
to  the  danuning  up  of  sluggish  streams  by  the  shifting  ocean  sands. 
Peat  bogs  are  now  forming  in  these  dune  areas,  where  large 
quantities  of  sphagnimi  moss  and  rhododendron  leaves  accumulate. 
In  the  cliflFs  overlooking  the  sea,  near  the  top  of  the  section  in  many 
places  can  be  seen  a  bed  of  two  feet  or  more  of  fairly  solid  peat. 
This  may  be  of  Pleistocene  or  Recent  age,  or  in  part  both. 

In  various  parts  of  the  Cascades  there  are  cinder  cones  and 
lava  streams  which  have  every  appearance  of  being  of  very  recent 
origin.  Some  of  these  may  be  not  much  over  a  himdred  years  old. 
Indeed  very  carefully  sifted  newspaper  stories  and  accounts  by 
pioneers  make  it  reasonably  clear  that  volcanic  activity  persisted 
in  the  Cascade  region  imtil  a  very  late  day.  The  Portland  Oregonian 
reports  an  eruption  from  Moimt  Hood  as  late  as  1865. 

GEOLOGIC  HISTORY 

The  basement,  upqn  which  the  Oregon  strata  appear  to  lie  may 
be  represented  by  the  Bald  Mountain  gneiss  of  the  Blue  Mountains. 
The  chemical  composition  of  this  supposed  Archean  rock  indicates 
a  sedimentary  origin.  Similar  gneisses  in  Idaho  and  California 
possibly  suggest  a  wide  extension  of  a  sedimentary  terrain  subse- 
quently removed  by  erosion,  or  covered  by  younger  deposits. 

In  the  late  Proterozoic  southwestern  Oregon  became  a  basin  of 
deposition  in  which  the  presumably  conformable  Abrams  and 
Sahnon  formations  were  developed.  This  epoch  of  sedimentation 
was  followed  by  a  period  of  folding  and  accompanied  by  meta- 
morphism  which  altered  these  rocks  to  mica  and  hornblende  schists. 
An  erosional  interval  extending  over  several  geologic  periods  pre- 
ceded the  depression,  in  the  middle  Paleozoic  of  this  same  region, 
allowing  the  sea  to  enter  from  the  southwest.  The  earlier  sediments 
of  this  marine  basin,  now  tentatively  assigned  to  the  Devonian 
system  record  a  transgressing  sea,  with  frequent  oscillations  from 
deep  to  shallow  waters.    Little  is  known  regarding  the  climatic 
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conditions  in  Oregon,  yet  judging  from  other  evidences  these  seas 
elsewhere  teemed  with  corals,  indicating  tropical  conditions.  By 
Carboniferous  time  this,  or  a  later  sea  in  which  crinoids  lived,  also 
covered  a  portion  of  the  Blue  Mountains  of  northeastern  Oregon, 
which  approximately  marks  the  easternmost  extension  of  that  arm 
of  the  sea.  The  presence  of  tuffs  and  vesicular  lava  in  the  south- 
west gives  a  glimpse  of  volcanic  activity  upon  the  adjacent  land 
mass. 

Continental  movements  culminating  in  the  Appalachian  revolu- 
tion caused  a  general  retreat  of  the  oceans  to  the  outer  edges  of  the 
continental  shelf.  In  Oregon  the  Paleozoic  sediments  of  both  the 
southwest  and  northeast  were  uplifted,  folded,  and  somewhat  meta- 
morphosed, though  the  principal  orogenic  movements  of  the 
Klamath  region  may  have  occurred  later. 

A  long  erosion  interval  followed,  longer  perhaps  in  the  southwest 
than  in  the  Wallowa  Mountain  region,  for  there  the  record  of  a 
shallow,  oscillating  sea,  with  a  shore  line  not  far  to  the  southeast, 
is  found  in  the  Eagle  Creek  series  of  Triassic  age.  The  meager 
fauna  suggests  little  of  the  probable  mild  climate  that  prevailed. 

During  the  Triassic  and  the  earlier  Jurassic  the  Klamath  region 
of  -California  and  Oregon  was  probably  land,  and  is  thought  by 
Diller  to  have  been  the  scene  of  vigorous  volcanic  activity,  the 
record  of  which  is  still  seen  in  California  along  the  southern  margin 
of  that  land  mass.  If  an  early  Mesozoic  sea  ever  covered  that 
region  its  record  is  yet  to  be  discovered. 

A  few  lower  marine  Jurassic  fossils  from  the  southwestern 
flank  of  the  Blue  Mountains  is  the  only  record  of  the  Jurassic  of 
eastern  Oregon.  This  sea,  skirting  the  slowly  rising  Blue  Moun- 
tains probably  did  not  extend  far  into  Idaho,  and  it  may  have 
received  the  sediments  from  a  great  westward-flowing  stream  occu- 
pying the  Snake  River  valley  of  Idaho. 

Late  in  the  Jurassic  an  epoch  of  sedimentation,  known  as  the 
Galice,  was  again  initiated  in  southwestern  Oregon  by  the  develop- 
ment of  a  basin  in  which  diverse  marine  and  possibly  terrestrial 
beds  accumulated.  The  meager  fauna  from  these  or  even  later 
Jurassic  beds  in  Oregon  tells  little  of  the  probable  boreal  asi>ect  of 
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these  seas.    In  Califomia  this  boreal  sea  followed  the  warmer  one 
of  the  Middle  Jurassic,  in  which  reef-building  corals  abounded. 

It  is  not  unlikely  that  minor  diastrophic  movements  intervened 
between  the  close  of  the  Galice  and  the  opening  of  the  Dothan- 
Franciscan  tune.  During  this  succeeding  epoch  sediments  accumu- 
lated in  a  basin  in  part  coextensive  with  that  of  the  Galice.  Some 
of  these  were  terrestrial  deposits  developed  imder  arid  conditions, 
while  others  point  to  the  not  infrequent  recurrence  of  marine 
conditions.  That  the  climate  was  more  himiid  and  warmer  during 
at  least  a  part  of  this  epoch  seems  to  be  vouched  for  by  the  remark- 
able flora  obtained  from  Nichols,  Douglas  County,  Oregon,  which 
includes  cycads,  ferns,  ginkgoes,  and  conifers.  This  remarkable 
flora  is  said  to  be  the  richest  of  that  obtained  from  any  Mesozoic 
locality. 

This  period  of  sedimentation  was  followed  by  a  great  mountain- 
building  epoch  at  or  near  the  close  of  the  Jurassic,  resulting  in  the 
uplift  of  the  Sierra,  Klamath,  and  Blue  mountains  to  greater  alti- 
tudes than  they  had  yet  attained.  These  movements  resulted  in 
folding  and  faulting  of  the  strata  involved,  and  were  accompanied, 
if  not  caused,  by  the  intrusion  of  the  Siskiyou  tonoUte  batholith, 
and  other  types  of  igneous  rock  in  the  southwest,  giving  the  main 
structural  features  to  the  Klamath  Mountains  as  well  as  greatly 
metamorphosing  many  of  the  rocks  involved. 

In  eastern  Oregon  **  after  the  deposition  of  the  Trias  followed 
another  and  more  extensive  uplift,  probably  the  same  which 
affected  the  whole  of  the  Pacific  slope.  Both  the  Triassic  and  Paleo- 
zoic series  were  folded  ....  the  Trias  were  violently  compressed 
in  the  area  now  occupied  by  the  Wallowa  Mountains.  The  uplift 
was  accompanied  by  very  extensive  intrusions  of  granular  rocks."' 
Thus  the  Blue  Moimtains  in  late  Jurassic  and  Cretaceous  times 
must  have  been  a  range  of  imposing  height  having  a  general  east- 
ward and  westward  trend. 

The  principal  metallic  deposits  of  southwestern  and  northeastern 
Oregon  are  genetically  related  to  these  igneous  intrusives.  The 
earlier  epoch  of  mineralization  occurring  in  the  Paleozoic  was  of 

»  W.  Lindgren,  U,  S.  GeoL  Surv.,  22d  Ann,  RepL,  p.  596. 
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lesser  importance.  The  latest  occurred  after  the  extrusion  of  the 
Coliunbia  lava  in  the  Miocene,  followed  by  late  Tertiary  and 
Quaternary  concentrations  as  placers  or  secondary  enrichments. 

Marine  conditions  were  again  initiated  in  later  Knoxville  time 
by  the  advance  of  an  arm  of  the  sea  along  the  northern  flank  of  the 
then  partially  dissected  Klamath  Mountains.  The  erosion  pre- 
ceding and  continuing  into  this  epoch  had  partially  lowered  those 
mountains  and  had  exposed  rich  quartz  lodes  to  the  actions  of  the 
streams.  Gold  was  thus  washed  out  and  deposited  in  the  basal 
gravels  of  the  transgressing  Cretaceous  sea.  By  upper  Knoxville 
time  the  cold  sea-waters  of  that  time  were  cutting  in  the  Franciscan 
rocks  near  Roseburg  and  were  possibly  skirting  the  foothills  of 
the  Blue  Mountains.  The  meager  boreal  fauna  of  this  sea  gave 
way  to  the  abundant  tropical  life  of  the  Horsetown  Sea,  which  was 
coextensive,  in  southwestern  Oregon  at  least,  with  that  of  the  pre- 
ceding epoch.  A  rich  Shasta  flora  upon  the  adjacent  land  gives 
another  glimpse  of  the  forests  of  Oregon. 

In  Chico  time  the  sea,  still  teeming  with  tropical  species  of  Indo- 
Pacific  aflSnities,  entered  the  Rogue  River  basin  and  ultimately 
reached  the  foothills  of  the  Blue  Mountains,  possibly  connecting 
through  the  ancient  Lassen  Strait  with  a  California  sea  forming  the 
Siskiyou  Island  of  Condon. 

This  marine  epoch  was  brought  to  a  close  by  the  epeirogenic 
and  orogenic  movements  of  the  Laramide  revolution,  resulting  in 
the  final  withdrawal  of  the  sea  from  eastern  Oregon,  the  uplift 
of  the  Klamath  region,  the  folding  and  faulting  of  the  strata,  and 
the  intrusion  by  basic  igneous  rocks.  It  is  not  improbable  that  a 
minor  upUf  t  along  the  axis  of  the  present  Cascades  occurred  at  that 
time,  forming  an  effective  barrier  to  the  earlier  Tertiary  seas.  A 
long  interval  of  erosion  followed,  which  is  in  part  represented  in 
California  by  the  Martinez  Eocene.  During  this  time  much  of 
the  Cretaceous  sediment  was  carried  away,  and  southwestern 
Oregon  was  reduced  to  a  region  of  low  relief  before  the  next  depres- 
sion in  western  Oregon  admitted  a  tropical  Tejon  Eocene  sea  over 
western  Oregon  as  far  south  as  Roseburg  and  the  mouth  of  the 
Rogue  River.  Thousands  of  feet  of  silts  and  sands  were  deposited 
in  this  shallow  sea,  which  at  times  retreated  locally,  permitting  the 
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swampy  conditions  now  indicated  by  seams  of  coal.  Volcanic 
activity  again  broke  forth,  producing  basaltic  and  diabasic  masses, 
some  of  which  still  form  conspicuous  heights  of  the  northern  Coast 
Range. 

The  Klamath  region  was  being  still  lowered  by  erosion,  and 
fluvatile  and  lake  deposits  equivalent  in  part  to  the  lone  Eocene 
were  formed  in  local  basins.  Along  the  western  flanks  of  the  Blue 
Mountains  considerable  thicknesses  of  rhyolitic  ash  and  andesitic 
flows  of  the  Clamo  Eocene  suggest  the  presence  of  volcanic  vents 
to  the  westward.  Still  farther  east  along  the  Idaho-Oregon  bounds 
ar}'  local  changes  in  drainage,  due  perhaps  to  blocking  of  channels 
by  lava  flows,  or  faulting,  caused  the  deposition  of  the  stream  and 
lacustrine  deposits  of  the  Payette.  These  terrestrial  beds  give 
evidence  of  a  tropical  flora  the  remains  of  which,  accimiulating  in 
various  terrestrial  and  estuarine  basins  of  the  state,  have  since 
changed  to  the  valuable  coal  seams  of  the  Pacific  Coast. 

Only  slight  deformative  movements  intervened  between  the 
Clamo  Eocene  and  the  John  Day  Oligocene  of  eastern  Oregon,  but 
in  the  southwest  an  uplift  occurred  at  the  close  of  the  Eocene  that 
inaugurated  the  conditions  which  during  the  two  succeeding  geologic 
periods  produced  the  Klamath  peneplain.  In  the  meantime  the 
Eocene  marine  sediments  had  been  gently  folded,  and  the  north- 
western portion  of  Oregon  was  again  depressed,  allowing  the  Oligo- 
cene sea  to  reach  the  region  of  the  present  site  of  the  Cascades  and 
extend  southward  at  least  to  Eugene.  Near  the  shore  of  this  sub- 
tropical sea  tuffaceous  deposits  indicate  volcanic  activity  to  the 
eastward.  Similar  activity  is  conspicuotisly  represented  in  some 
of  the  tuffs  of  the  John  Day  Oligocene,  which  may  be  in  part  the 
correlative  of  marine  Oligocene.  The  terrestrial  deposits  of  the 
John  Day,  according  to  Merriam,  were  formed  along  the  flood 
plains  of  an  old-age  stream.  These  lowlands  were  the  habitat  of 
oreodons,  primitive  dogs,  saber-tooth  cats,  rhinoceroses,  three- 
toed  horses,  and  munerous  other  forms  well  known  through  the 
classical  studies  made  upon  this  fauna. 

The  marine  Oligocene  was  deformed,  to  an  extent  as  yet  unde- 
termined, before  the  advance  of  the  less  extensive  Monterey  Sea. 
These  waters  were  still  warm,  possessing  a  fauna  similar  to  that  of 
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California,  yet  apparently  deficient  in  diatamaceous  and  radiolarian 
remains  which  are  associated  with  the  petroliferous  dei>osits  of  that 
state.  Volcanic  activity  then  became  the  dominant  feature  of  the 
period.  Olivine  basalts,  issuing  from  fissures  and  vents  along  the 
axis  of  the  present  Cascades  and  throughout  eastern  Oregon, 
formed  vast  floods  of  lava,  which  rose  high  upon  the  flanks  of  the 
Blue  Mountains.  These  flows  were  intermittent,  as  is  attested 
by  interbedded  lateritic  deposits,  frequently  containing  petrified 
wood.  This  epoch  of  volcanic  activity  came  to  a  close  in  middle 
Miocene  time.  In  the  John  Day  region  these  lavas  were  flexed, 
faulted,  and  partially  eroded  before  the  deposition  of  the  middle 
Miocene  Mascall  in  structural  or  erosional  basins.  Along  the  axis 
of  the  present  Cascades  these  flows  were  thrown  into  an  ante- 
clinorum  now  exposed  within  the  gorge  of  the  Columbia.  This 
epoch  of  deformation  was  of  more  than  state-wide  significance, 
being  recognized  in  Washington  and  California. 

The  upper  Miocene  record  of  Oregon  west  of  the  Cascades  is 
read  mainly  in  the  details  of  the  later  history  of  the  then  pene- 
plained  Klamath  region.  The  marine  epoch  of  Empire  time  is  now 
thought  to  be  early  Pliocene.  The  upper  Miocene  floras  of  adjoin- 
ing states  and  that  of  the  eastern  Oregon  Mascall  indicate  a  moist, 
warm,  temperate  climate,  in  which  the  camel,  the  horse,  the  an- 
cient bear,  and  the  proboscidians  thrived.  By  the  close  of  the 
Miocene,  movements  again  interrupted  the  sedimentation  in  the 
John  Day  region,  which  deformed  the  Mascall  beds.  Upon  their 
eroded  edges  were  deposited  gravels,  tuffs,  and  flows  of  the  early 
Pliocene. 

Other  local  lake  and  flood  plain  deposits  of  later  Pliocene  age 
occur  nearer  the  Idaho  line,  giving  evidence  of  the  formation  of 
structural  basins  or  changes  in  drainage  as  yet  but  imperfectly 
deciphered.  A  depression  of  a  narrow  strip  paralleling  the  present 
shore  line  developed  along  the  coast  in  early  Pliocene  and  received 
the  marine  sediments  of  the  Empire.  The  fauna  of  this  sea  indi- 
cates a  cooler  climate.  This  marine  epoch  was  brought  to  a  close 
by  the  epeirogenic  movements  which  elevated  the  entire  coast, 
producing  the  gentle  folds  now  found  in  the  Empire,  probably  the 
faulting  and  warping  of  the  Klamath  peneplain,  and  perhaps  the 
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lonnjitiQii  of  the  block  mountains  ct  eastern  Or^on.  Erosion 
soon  cut  tliese  soft  Empire  sediments  nearly  to  a  base  leveK  pro- 
dndng  a  second  peneplain  passing  eastward  over  the  Coast  Range. 
Diffcfcntial  iq>lift  within  the  Klamath  and  Coast  Range  regions 
again  rejuvenated  the  streams,  which  introiched  themsdvess 
maintaining  in  some  instances  their  okl«  meandoing  courses.  In 
late  niooene  or  early  ndstocene  these  same  streams  cut  deep 
valleys  in  the  thai  exposed  cxmtinental  shelf,  as  is  now  revealed  by 
soundings.  The  ancient  Willamette  River  may  thai  have  carved 
in  part  its  wide  valley,  since  deq>ly  fiJled  by  alluvium.  In  the 
meantime  the  Cascades  had  beoi  reduced  to  a  region  of  low 
relief  co^-ocd,  near  the  Columbia  at  least,  by  gravels  of  supposed 
Satsop  ag^ 

F<dlowing  the  deposition  of  these  gravels  came  the  final  iqdif  t  of 
the  Coast  Range  of  Or^pn  and  the  extnision  of  andesites  and  ib\x>^ 
iites  forming  the  superstructure  of  the  Cascade  Range  and  the 
lata  developmait  of  the  volomic  oones  now  dominating  the  crest 
line.  Climatic  changes  that  had  beoi  presaged  by  the  cooler 
Pliocene  climate  culminated  in  the  formation  of  glaciers  on  the 
hi^er  peaks  of  the  Cascades,  Stein,  Blue,  and  Wallowa  mountains. 
These  ^bders  soon  extended  far  down  their  valleys.  The  cooler 
and  moister  climate  permitted  the  development  of  exten^N-e 
lakes  within  the  now  semiarid  region  of  eastern  Or^on. 

The  life  of  the  earliest  Pleistocene  is  best  interpreted  from  the 
rich  avifauna  of  Fossil  Lake  and  the  marine  fauna  from  a  few  very 
local  embayments  bordering  the  coast* 

The  disappearance  of  most  of  the  Pleistocene  glaciers,  the 
deepening  of  river  canyons,  the  development  of  alluvial  deposits, 
iaduding  auriferous  gravels,  and  the  continued  volcanic  activity 
include  the  salient  features  of  late  Pleistocene  and  Recent  time* 

IGNEOUS  ROCKS 

Igneous  rocks  are  found  conspicuously  developed  in  three 
regions  in  Oregon:  (a)  the  Blue  Mountains,  (b)  the  Cascades, 
and  (c)  the  Klamath  Mountains.  In  the  Blue  Mountains  the 
dominant  type  is  granodiorite,  in  the  Cascades  basalt  and  andesite, 
and  in  the  Klamath  serpentinized  peridotite,  gabbro,  and  grano- 
diorite. 
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Table  I,  compiled  by  Mr.  Fred  Melzer,  a  Senior  in  the  depart- 
ment of  Geology  at  Oregon  in  191 7,  gives  at  a  glance  most  of  the 
general  information  abont  our  igneous  rocks,  such  as  types,  locali- 
ties, frequency  of  mention  in  the  literature,  and  the  literature 
citation.  From  a  study  of  the  literature  we  find  that,  judging 
from  the  number  of  times  mentioned  in  the  literature,  the  various 
types  of  basalt  come  first,  andesites  next,  followed  by  metagabbro 
third,  and  then  comes  rhyolite  with  diabase  and  diorite  a  little 
farther  in  the  rear. 

The  dominant  rock  in  the  Cascade  region  is  the  Columbia  lava, 
which  is  basaltic.  The  principal  rock  in  the  Cascade  superstruc- 
ture is  andesite.  In  the  metalliferous  districts  of  the  southwest  and 
northeast  granodiorite  is  the  chief  rock.  For  a  petrographic 
description  of  this  and  the  following  rocks  the  reader  is  referred  to 
Table  I. 

The  serpentinized  peridotites  in  the  vicinity  of  Port  Orford  are 
both  interesting  and  valuable  economically  because  of  the  associa- 
tion of  chromite  and  nickel.  According  to  Diller  they  were  prob- 
ably intruded  in  Cretaceous  times. 

It  will  be  seen  from  the  testimony  of  the  literature  that  the 
dominant  igneous  activity  in  the  state  has  occurred  later  in  geologic 
time,  in  the  Mesozoic  and  Cenozoic.  Very  little  is  definitely  known 
of  the  igneous  rocks  of  the  Paleozoic,  and  little  or  nothing  of  the 
pre-Cambrian,  if  indeed  there  were  any  at  all  at  that  time  in  this 
state. 

Chemically  the  rocks  are  alkali-calcic.  According  to  Iddings/ 
"the  76  igneous  rocks  of  the  Cascade  Mountains  that  have  been 
analyzed  belong  in  24  magmatic  divisions  of  the  Quantitative  sys- 
tem, 56  falling  in  5  divisions:  tonolose  22,  lassenose  11,  andose  9, 
hessose  8,  and  yellowstones  6,  all  of  which  are  dosodic.  Only  9 
of  the  76  analyzed  are  sodipotassic." 

Steinmann'  asserts  that  the  average  igneous  rock  of  the  South 
American  Cordillera  is  similar  to  that  of  the  Pacific  Coast  of  North 
America.  He  says  that  the  lavas  of  the  former  region  are  ande- 
sites, dacites,  and  rhyolites,  and  that  granodiorites  are  the  pre- 

'  J.  P.  Iddings,  Igneous  Rocks,  II,  446. 

'  G.  Steinmann,  Geolo.  Rundschau,  I  (1910),  13. 
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vailing  intrusives.  In  this  connection  Becker  and  W.  D.  Smith 
have  repeatedly  called  attention  to  the  relation  between  the  igneous 
rocks  of  the  Philippines  and  of  Oregon.  If  we  pass  a  great  circle 
along  the  axis  of  the  Cascades  we  shall  find  that  it  will  pass  remark- 
ably dose  to  the  Cordilleras  of  Japan  and  the  Philippines,  and  it 
is  only  to  be  expected  that  we  would  find  this  petrographic  similar- 
ity along  such  a  great  and  persistent  tectonic  line. 

Definite  figures  as  to  the  size  of  the  intrusive  batholiths  in 
Oregon  are  at  present  imavailable.  In  the  Blue  Mountains  the 
granodiorite  is  very  prominent  and  attains  elevations  close  to 
10,000  feet  and  covers  hundreds  of  square  miles,  while  in  .the  Cas- 
cade region  it  is  seen  in  one  or  two  localities  only,  and  these  low 
down  and  in  very  limited  exposures.  In  the  Siskiyou  region  (south- 
west) also  there  are  large  masses  of  granodiorite. 

ECONOMIC  GEOLOGY 

In  1867  the  mineral  production  of  Oregon,  according  to  govern- 
ment estimates  at  that  time,  was  about  twenty  million  dollars  and 
was  practically,  if  not  entirely,  from  gold  placers. 

In  1 91 7  the  value  of  the  mineral  products  of  the  state  which 
were  mined  amounted  to  about  $3,500,000.  The  year  19 18  saw 
slightly  less,  owing  to  war  conditions.  A  few  years  ago  the  pro- 
duction was  almost  nil,  so  that  we  are  now  on  the  upgrade  again,  and 
a  substantial  gold-mining  industry  largely  from  quartz  lodes  is 
being  established. 

On  the  mineral  map  (Fig.  3)  are  shown  the  principal  mineral 
localities  in  the  state.  It  will  be  seen  from  a  glance  that  the  two 
metalliferous  districts  are  in  the  southwest  and  in  the  northeast, 
the  Siskiyou  and  Blue  Mountains  respectively.  Baker  County 
produces  the  larger  part  of  the  gold  of  Oregon,  and  the  Cornucopia 
district  is  the  leading  district  of  that  county. 

While  there  are  many  copper  prospects,  the  most  noteworthy 
are  those  near  Homestead  on  the  Snake  River,  and  those  near 
Waldo,  twenty  miles  southwest  of  Grant's  Pass,  in  the  southwestern 
part  of  the  state. 

During  the  war  there  was  a  rather  notable  development  of  the 
chromite  industry  in  these  two  regions,  and  one  manganese  locality 
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(Lake  Creek)  was  being  vigorously  prospected,  with  the  hope  of  a 
substantial  production  very  soon. 

Some  platinum  is  recovered  with  gold  in  the  beach  4)lacers  to 
the  north  and  south  of  Marshfield,  but  the  yield  has  not  yet  had 
any  appreciable  effect  on  the  industry. 

Nickel  deposits  occur  near  Riddles,  Douglas  County,  but  no 
production  is  reported  at  the  present  time. 

One  quicksilver  mine  is  located  near  Cottage  Grove,  Lane 
County,  which,  however,  has  not  had  a  very  prosperous  history. 

Common  brick  and  drain  tile  are  made  at  many  localities  in 
Oregon,  but  clays  suitable  for  pottery  of  the  better  grades  have 
either  not  been  located,  or  if  known,  have  not  been  worked. 

All  attempts  to  find  oil  in  commercial  quantities  in  Oregon  have 
so  far  failed.  At  thepresent  timedrilling  is  being  done  near  Waldport 
on  the  coast,  and  near  Roseburg  and  Vale  on  the  eastern  boundary 
of  the  state.  So  far  no  success  has  been  met  in  these  imdertakings. 
Near  McMinnville,  Yamhill  County,  there  are  several  salt  springs 
and  gas  wells,  one  of  which  in  Polk  Coimty  illuminates  a  ranch 
house  and  is  used  for  cooking.  This  well  has  given  off  natural 
gas  for  over  thirty  years.  No  scientific  development  of  this  field 
has  yet  been  undertaken.  It  seems  to  be  the  most  promising 
place  in  Oregon  for  natural  gas,  and  possibly  petroleum.  Some 
''shows"  of  oil  have  just  recently  been  reported  from  a  Harney 
County  (southeastern  Oregon)  well,  now  down  to  1,241  feet. 

A  fair  grade  of  sub-bituminous  coal  of  Tertiary  age  is  mined  in 
the  small  basins  of  marine  Tertiaries  near  the  coast.  The  pro- 
duction is  small  and  comes  from  two  or  three  small  mines.  The 
daily  output  probably  has  never  exceeded  fifty  tons. 

A  great  deal  of  crushed  stone,  mainly  basalt  and  diabase,  is 
utilized  annually  on  our  highways.  Limestone  is  found  in  both 
the  northeast  and  southwest  portions  of  the  state.  The  product 
is  distributed  largely  by  the  State  Lime  Board. 

The  most  valuable  and  unique  decorative  stone,  a  handsome 
black  marble,  anywhere  in  the  state  and  perhaps  anywhere  in  the 
Pacific  Northwest  is  quarried  near  Enterprise,  Wallowa  County. 

The  state  of  Oregon  cannot  be  said  to  be  a  mining  state,  though 
it  has  a  promising  future  in  this  direction.    The  state  is  very 
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wisely  doing  something  to  aid  this  important  industry  in  supporting 
a  State  Bureau  of  Mines;  an  appropriation  of  $50,000  for  the 
biennium  has  just  been  granted  it. 

MINERAL  PRODUCTION  IN  OREGON* 

FOR   I 91 7 

Gold $1,491,798.00 

Platinum 65  ounces 

Silver 125,656  fine  ounces 

Copper 2474,487  pounds 

Chromite 6,700  tons 

Lead 28,000  pounds 

NON-METALS,    1916 

Coal 42,592  tons 

Mineral  water 30,920  gallons 

Building  sand  and  gravel  .  161,761  tons  - 

Cnished  stone  (1917) 282,732  tons 

*By  courtesy  of  Cbarks  G.  Yale,  statistician,  United  SUtes  Geological  Survey. 
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SOME  SUBORDINATE  RIDGES  OF  PENNSYLVANIA 


HARRY  N.  EATON 
Syracuse  University 


The  topography  of  the  folded  mountain  district  of  Pennsyl- 
vania consists  of  the  narrow  valleys  and  long,  even-crested  ridges 
cut  by  occasional  water  gaps  and  wind  gaps  which  are  familiar 
to  the  geologist  and  geographer  the  world  over.  For  nearly  a 
third  of  a  century,  since  the  publication  of  the  epoch-making  essay 
by  Davis,*  this  region  has  been  classic  for  the  study  of  the  pene- 
plain. The  tops  of  tlie  even-crested  ridges  are  said  to  represent 
the  remnants  of  a  surface  which  has  been  variously  named  the 
Cretaceous  baselevel  lowland,^  the  Schooley  peneplain,^  and  the 
Kittatinny  peneplain.^  With  the  precise  dates  of  formation  of 
this  supposed  peneplain  and  the  valley  lowlands,  generally  called 
the  Harrisburg  i>eneplain,^  we  are  not  concerned  here. 

The  formations  sufficiently  resistant  to  be  ridge  makers  in 
Center  County  and  neighboring  counties  are  the  Oneida  and  Medina 
sandstones  of  the  earlier  geologists,  now  known  as  the  Oswego 
and  Tuscarora  respectively,  separated  stratigraphically  by  490 
to  850  feet*  of  the  Juniata  formation,  consisting  of  soft  red  shales 
and  sandstones.  Of  the  two  sandstones  the  Tuscarora  is  by  far 
the  more  resistant  to  erosion,  and  accordingly  in  many  instances 

«W.  M.  Davis,  "The  Rivers  and  Valleys  of  Pennsylvania,"  Nat,  Geog.  Mag., 
I,  No.  3  (1889),  pp.  183-253. 

•/Wrf.,  p.  198. 

» W.  M.  Davis  and  J.  W.  Wood,  Jr.,  "The  Geographic  Development  of  Northern 
New  Jersey,"  Boston  Sac.  Nat.  Hist.,  Proc,  XXIV  (1890),  377. 

^  Bailey  Willis,  "The  Northern  Appalachians,"  The  Physiography  of  the  United 
Stata,  Nat.  Geog.  Soc.,  Mon.,  I,  No.  6  (1895),  p.  189. 

»M.  R.  Campbell,  "Geographic  Development  of  Northern  Pennsylvania  and 
Southern  New  York,"  Geol.  Soc.  Am.,  BuU.,  XIV  (August  5,  1903),  283-84, 

*  E.  S.  Moore,  Unpublished  data.  Also  Charles  Butts,  "  Geologic  Section  of 
Blair  and  Huntingdon  Counties,  Central  Pennsylvania,"  Am.  Jour.  Set.,  XL VI 
(September,  1918),  536. 
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on  the  limbs  of  close  folds  the  topography  finds  expression  in  the 
close  association  of  two  ridges  of  different  heights,  usually  with 
an  intervening  lowland  on  the  soft  Juniata  formation.  The  dis- 
crepancy in  height  is  not  universal,  as  in  several  places  in  the  Belle- 
fonte  quadrangle  the  Oswego  ridges  equal  and  even  exceed  in 
height  those  of  the  Tuscarora.  It  is  the  purpose  of  this  article 
to  show  that  these  "subordinate  ridges"  as  Willis*  styles  them,  are 
more  numerous  than  hitherto  susi>ected,  that  their  origin  and 
existence  have  not  been  explained  satisfactorily  by  physiographers, 
and  that  they  constitute  a  menace  to  the  validity  of  the  Cretaceous 
peneplain  theory. 

The  existence  of  subordinate  ridges  is  noted  by  Willis*  as 
follows: 

The  simple  monoclinal  ridge  which  has  been  described  is  the  typical  but 
not  the  more  common  form  of  the  Appalachian  ranges.  They  become  com- 
plex by  association  of  parallel  ridges.  Thus  on  the  inner  slopes  of  Jacks  and 
Stone  mountains,  about  Kishicoquillas  valley,  there  is  a  very  marked  bench  or 
terrace,  which  appears  as  a  broad  step  in  the  mountain  slope.  In  other  local- 
ities, when  the  outer  edge  of  such  a  terrace  is  higher  than  its  suHace  nearer 
the  mountain,  there  are  narrow  ravines  separating  the  terrace  edge  as  a  low 

ridge  more  or  less  distinct  from  the  moimtain  itself Elsewhere,  again, 

....  the  subordinate  ridge  may  stand  at  a  level  equal  with  the  continuous 
crest,  and  it  then  appears  as  a  distinct  monoclinal  ridge. 

The  Stone  Mountain  referred  to  is  the  southernmost  of  the  series 
of  great  consecutive  ridges  known  as  the  Seven  Mountains,  which 
bound  the  Nittany  valley  on  the  south  and  is  immediately  north  of 
the  Kishicoquillas  valley. 

Davis^  recognizes  the  existence  of  subordinate  ridges: 

The  beds  of  intermediate  resistance,  the  Oriskany  and  Chemung  sand- 
stones, had  not  been  worn  down  to  baselevel  at  the  close  of  the  Tertiary  cycle; 
they  had  indeed  lost  much  of  the  height  that  they  possessed  at  the  close  of  the 
previous  cycle,  but  they  had  not  been  reduced  as  low  as  the  softer  beds  on 
either  side.  They  were  only  reduced  to  ridges  of  moderate  and  unequal 
height  over  the  general  plain  of  the  Siluro-Devonian  low  country,  without 
great  strength  or  relief  but  quite  strong  enough  to  call  for  obedience  from  the 
streams  along  side  of  them. 

'  Willis,  op.  d/.,  p.  182.  » Ibid,y  p.  182. 

i  W.  M,  Davis,  "The  Rivers  and  Valleys  of  Pennsylvania,"  Nai,  Geog.  Mag.,  I, 
No.  3  (1889),  pp.  243-44. 
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Again,  in  another  article,  he^  says:  "The  weaker  Siiuro- 
Devonian  beds  are  generally  reduced  to  a  lowland  farming  country, 
except  where  the  Oriskany  sandstone  or  a  Chemung  conglomerate 
of  more  resistance  than  the  adjacent  beds  rises  in  ridges  of  moderate 
height.  The  hard  Medina  and  Carboniferous  sandstones  hold  their 
crests  close  to  the  Cretaceous  i>eneplain." 

Professor  Davis  assimies  that  the  original  height  of  the  Oriskany 
and  Chemung  ridges  equaled  that  of  the  Cretaceous  peneplain 
surface  but  offers  no  confirmatory  data.  Apparently  he  does  not 
distinguish  clearly  between  the  heights  of  the  Oswego  and  Tus- 
carora  ridges,  but  he  may  have  this  discordance  in  mind  when 
stating"  that  the  Medina  crests  accord  with  "geographic "rather 
than  "geometric''  exactness. 

Years  later  Stose,^  in  comparing  the  high,  even  crest  of  Cross 
Mountain  with  the  low,  "comby"  top  of  Cove  Mountain  in  the 
Mercersburg-Chambersburg  region  in  southern  Pennsylvania,  says: 
"It  is  apparent  that  Cove  Mountain  once  stood  at  approximately 
this  altitude,  but  has  been  lowered  by  the  active  erosion  of  the 
relatively  narrow  exposure  of  upturned  rocks."  Cross  Mountain 
is  supp)osed  to  be  part  of  the  old  peneplain  surface.  Farther  on  in 
the  same  paper  he  says:  "These  two  level  tracts  [referring  to 
areas  on  South  Mountain]  are  undoubtedly  remnants  of  the  old 
peneplain,  preserved  at  the  height  of  2,000  feet.  The  monoclinal 
ridges  along  the  front  of  the  mountain,  which  once  stood  at  this 
same  altitude,  have  been  reduced  by  erosion  to  1,700  and  1,900 
feet."^  In  these  two  quotations  the  height  of  a  lower  ridge  is 
explained  by  reduction  from  the  original  peneplain. 

Reverting  to  the  Nittany  valley  and  the  Seven  Mountains 
district,  the  following  are  altitudes^  (obtained  by  barometer)  on 

*W.  M.  Davis,  ''The  Geological  Dates  of  Origin  of  Certain  Topographic  Forms 
on  the  Atlantic  Slope  of  the  United  Sutes,"  GeoL  Soc.  Am.,  BuU.,  II  (July  2, 1891),  572. 

» Ihid.,  p.  560. 

*  G.  W.  Stose,  "Physiographic  Studies  in  Southern  Pennsylvania,"  Jour.  GeoL, 
XII  (1904),  476. 
</Wrf.,  p.  478. 

s  Charles  £.  BiUin,  "Map  of  Adjoining  Portions  of  Huntingdon,  Mifflin,  Centre, 
and  Union  Counties,"  Sec.  Geol.  Suro.  Pa.,  Kept,  of  Progress  5,  1878. 
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the  Tuscarora  summits  south  of  Potters  Mills  and  Boalsburg: 
Broad  Mountain,  2,300  feet;  Millikens  Knob,  2,200  feet;  a  crest 
two  miles  south  of  Boalsburg,  2,300  feet;  the  mountain  on  road 
south  of  Pine  Grove  Mills,  2,010  feet;  Roberts  Knob,  2,410  feet; 
and  Bear  Meadows  Mountain,  2,100  to  2,200  feet.  The  same  map 
gives  the  following  readings  for  the  Oswego  ridge  simmiits:  a  ridge 
running  from  Bear  Meadows  north  of  Roberts  Knob  26  miles 
northeast  to  Woodward,  1,700  feet  average,  attaining  1,800  feet 
in  a  few  places;  a  corresponding  ndge  one  mile  southeast  of  the 
preceding  on  the  other  limb  of  the  S3aicline,  averages  1,800  feet  for 
many  miles;  Tussey  Knob,  east  of  Boalsburg,  rises  to  an  altitude  of 
2,100  feet,  rapidly  sinking  to  the  southwest  to  1,600  and  1,700  feet 
average. 

Making  allowance  for  possible  slight  inaccuracies  in  these  map 
elevations  a  distinct  discordance  in  height  between  the  sunmiits 
of  the  Oswego  and  Tuscarora  ridges,  in  general,  becomes  manifest 
from  the  foregoing  data.  This  discordance  may  be  observed  in  the 
field,  either  from  one  of  the  higher  and  more  commanding  points 
on  the  Nittany  valley  lowland,  or  from  some  coign  of  vantage  in 
the  Seven  Mountains,  such  as  Roberts  Knob.  After  six  years' 
residence  in  the  Nittany  valley  the  writer  is  convinced  that  this 
difference  in  summit  levels  in  the  central  Pennsylvania  district 
is  an  important  factor  which  cannot  be  passed  over  with  the  facility 
of  some  previous  writers. 

Space  does  not  permit  here  the  eniuneration  of  instances  of  the 
difference  in  heights  of  adjacent  mountain  ridges  in  other  states, 
but  one  example  will  show  how  universal  the  phenomenon  is.  In 
the  Hancock,  Maryland-West  Virginia-Pennsylvania  quadrangle 
the  Cretaceous  peneplain  has  been  obliterated  entirely  in  all 
probability,  according  to  Stose,*  but  is  preserved  in  the  2,000-  to 
2,200-foot  summit  of  Cacapon  Mountain  in  the  Pawpaw  quad- 
rangle. This  author^  distinguishes  between  the  Somerville  (New 
Jersey  peneplain)  terrace^  varying  from  600  to  850  feet  in  elevation, 

«  G.  W.  Stose  and  C.  K.  Swartz,  "Pawpaw-Hancock  Folio,  Md.-W.  Va.-Pa.," 
U.S.  Geol.  Surv.,  No.  179  (191 2),  pp.  19-20. 
'  Ibid.j  p.  20. 
*  Davis  and  Wood,  op.  cit.,  pp.  391-^2. 
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the  so-called  Harrisburg  peneplain  level  of  700  to  1,000  feet  shown 
in  many  even-topped  ridges  and  intermontane  floor  areas,  a  series 
of  ridges  averaging  1,200  feet  in  height,  which  he  correlates  with 
the  Weverton,  Maryland,  peneplain,'  and  "remnants  of  inter- 
mediate erosion  plains"  from  1,550  to  1,700  feet  in  height. 

Facts  such  as  the  foregoing  give  rise  to  doubts  and  queries 
which  are  of  more  than  local  significance.  To  admit  the  inadequacy 
of  the  Tertiary  erosion  to  reduce  completely  some  subordinate 
ridges  to  the  valley-plain  level  seems  to  be  overlooking  the  question 
of  their  origin  as  much  as  does  the  afi&rmation  that  the  height  of 
subordinate  ridges  represents  a  lowering  and  modification  of  an 
original,  higher  peneplain  surface.  As  the  geologist  follows  for 
miles  two  closely  parallel  ridges  of  even  crests  but  of  different 
heights,  he  is  likely  to  think,  as  the  writer  does,  that  the  origin  of 
the  two  is  the  same,  and.  that  any  explanation  of  the  method  of 
development  of  the  one  should  be  applicable  to  the  other  also.  If 
the  one  represents  a  portion  of  the  dissected  and  mutilated  surface 
of  an  older  peneplain,  likewise,  by  the  same  reasoning,  the  other 
must  represent  something;  but  by  nO  stretch  of  the  imagination 
can  some  of  the  lower  ridges  of  Pennsylvam'a  be  considered  peneplain 
remnants. 

Many  years  ago  Hayes^  expressed  the  belief  that  a  lower  ridge 
with  even  crest  can  be  produced  by  reduction  from  a  higher  pene- 
plain, as  "corrasion  is  practically  absent  and  only  the  forces  of 
erosion  are  in  play.  Hence  if  the  ridge  was  originally  level  it  might 
remain  so  indefinitely  or  until  it  had  been  reduced  far  below  the 
former  surface  of  the  baselevel  plain." 

Dr.  T.  C.  Hopkins,^  whose  experience  in  central  Pennsylvania 
entitles  him  to  express  an  opinion,  explains  the  development  of 
these   low   ridges — the   terraces   of    ** terraced   mountains"'* — by 

» Arthur  Keith,  "Geology  of  the  Catoctin  Belt,"  U.S.  Geol.  Surv.,  FourUerUh  Ann. 
Ref4.,  1892-^3,  Part  2,  p.  388.  Also  W.  B.  Clark  and  E.  B.  Mathews,  "The  Physical 
Features  of  Maryland,"  Md.  Geol.  Surv.,  VI  (1906),  87,  88. 

*C.  W.  Hayes,  "Physiography  of  the  Chattanooga  District,  in  Tennessee, 
Georgia,  and  Alabama,"  U.S.  Geol.  Surv.,  Nineteenlh  Ann.  Repi.,  1897-98,  Part  2, 
p.  27. 

<  Recent  personal  communication  to  the  writer. 

^T.  C.  Hopkins,  Elements  of  Physical  Geography  (1908),  pp.  338-39. 
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reduction  from  the  original  peneplain;  but  he  believes  that  the 
stratigraphic  sequence  of  the  rock  series  in  the  Nittany  valley 
region  must  be  taken  into  account  in  this  connection.  He  lays 
emphasis  upon  the  fact  that  the  Tuscarora  is  underlain  by  the 
Juniata,  a  formation  comparatively  soft  but  not  nearly  as  soft 
as  the  Reedsville  (Utica),  which  consists  entirely  of  very  fissile 
shale.  Thus  the  Oswego  ridges  would  tend  to  become  undermined 
faster  than  those  of  the  Tuscarora,  and  this  fact,  coupled  with  the 
initial  difference  in  weathering  quality  between  the  two  sandstone 
formations,  would  result  in  a  consistent  difference  in  height  of  the 
ridge  crests. 

Explanations  of  the  present  height  of  the  lower  ridges,  involving 
'  a  process  of  reduction  from  former  higher  ridges,  would  seem  risky 
in  view  of  the  lengths  to  which  such  arguments  can  be  carried. 
Once  admitting  the  possibility  of  the  lower  ridges  maintaining 
their  even  crests  and  owing  their  ultimate  origin  to  differential 
erosion,  is  it  illogical  to  explain  the  even  crests  of  the  higher  ridges 
by  gradual  erosional  development  contemporaneous  with  and  sub- 
sequent to  the  long  period  of  folding  ?  In  short,  arguing  from  the 
topography  of  the  ridges  only,  is  it  necessary  to  postulate  a  Cre- 
taceous peneplain  at  all  ? 

The  writer  has  no  alternative  theory  to  suggest  and  no  view  to 
advocate,  but  merely  raises  the  question,  feeling  that  the  Cretaceous 
peneplain  theory  does  not  explain  adequately  the  existence  of  these 
minor  ridges. 

Of  late  the  word  '^peneplain''  has  been  used  rather  loosely  and 
has  been  applied  to  conditions  where  direct  proof  is  lacking.  It  is 
easy  to  conclude  hastily  that  a  ridge  or  series  of  ridges  represents  a 
peneplain,  but  much  harder  to  prove  such  a  statement.  By  no 
means  is  every  ridge  or  upland  remnant  the  remains  of  a  peneplain, 
and  a  word  of  caution  to  workers  in  this  field  seems  in  order. 

Professor  A.  M.  Miller*  may  voice  the  feelings  of  others  than 
himself  in  the  following  words: 

....  when  one  examines  the  literature  of  modem  physiography  and  sees 
the  readiness  with  which  an  "uplifted  and  dissected  peneplain"  is  invoked 

« A.  M.  Miller,  "  Wmd  Gaps,"  Science,  N.S.,  XLII,  No.  1086  (October  22,  1915), 
p.  573. 
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to  explain  every  even  sky-line  or  approximate  uniformity  in  heights  of  moim- 
tain  simimits,  while  every  peculiarity  in  drainage  is  accounted  for  as  an  inherit- 
ance from  a  past  cycle  of  erosion,  overlooking  in  many  cases  a  simpler 
explanation  involving  only  "processes  now  in  operation";  he  wonders  if 
there  does  not  lurk  therein  somewhat  of  the  old  catastrophism. 

The  writer's  thanks  are  due  to  Professors  Davis  and  Hopkins 
for  valuable  criticism  and  suggestion  in  preparing  this  paper. 
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GLACIAL   FEATURES   ON  THE   SOUTH  SIDE   OF 
BEARTOOTH  PLATEAU,  WYOMING' 


C.  L.  DAKE 
School  of  Mines,  RoUa,  Missouri 


During  the  summer  of  1916  the  writer  spent  a  number  of  days  in 
the  basin  of  Clarks  Fork,  along  the  southern  margin  of  the  Beartooth 
Plateau.  In  the  course  of  the  work  there  several  interesting  glacial 
features  were  noted.  The  general  situation,  together  with  the  local- 
ities mentioned,  are  shown  on  the  accompanying  map,  compiled 
from  the  Shoshone  National  Forest  Map  and  from  the  Crandall 
Quadrangle. 

That  portion  of  the  Beartooth  Plateau  lying  between  Clarks 
Fork  and  the  Wyoming-Montana  state  boimdary  has  been  severely 
glaciated.  The  plateau  averages  over  10,000  feet  in  elevation  and 
consists  of  bare,  rounded  knobs  of  granite,  interspersed  with  lakes 
and  swamps.  Several  of  the  northward-flowing  streams  that  rise 
south  of  the  state  line  head  in  typical  cirques,  occupied  by  small 
lakes.  Glacial  striae  were  noted  at  several  points.  The  valleys  of 
Line  Creek  and  Bennett  Creek,  near  where  they  emerge  from  their 
canyons  in  the  granite  on  to  the  plains  of  the  Bighorn  Basin,  are 
occupied  by  well-marked  moraines.  Little  Rock  Creek  shows 
distinct  evidences  of  glaciation  but  has  a  less  pronounced  moraine 
at  the  canyon  mouth.  There  are  slight  evidences  of  a  moraine 
at  the  mouth  of  the  Clarks  Fork  canyon  itself.  On  the  south  wall 
of  that  canyon  numerous  granite  bowlders  are  to  be  seen  several 
hundred  feet  above  the  contact  of  the  Cambrian  on  the  pre- 
Cambrian  granite. 

It  is,  however,  in  the  valleys  of  Dead  Indian  Creek,  Elk  Creek, 
Sunlight  Creek,  and  Russell  Creek  that  the  most  interesting  con- 
ditions obtain.  In.  the  Sunlight  basin,  a  well-defined  moraine 
occurs  along  the  line  between  sections  15  and  16,  T.  SS  N.,  R.  105  W. 
It  is  referred  to  by  Hewett,  who  says  of  it,  "Simlight  Basin  app>ears 

>  Published  by  pennission  of  the  Wyoming  sttfte  geologist. 
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to  owe  its  origin  to  the  damming  of  a  deep  glacial  valley  by  a 
terminal  moraine,  which  is  a  prominent  feature  a  mile  below  Painter 
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Ix>st-office,  and  behind  which  an  accumulation  of  glacial  gravel  and 
lake  sediment  has  formed  the  present  valley  floor.'** 

«D.  F.  Hcwett,  "Sulphur  Deposits  of  Sunlight  Basin,  Wyoming,"  BulL  U.S. 
GeoL  Surv.  No,  530,  p.  35a. 
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Hewett  failed,  however,  to  call  attention  to  the  most  marked 
and  interesting  feature  of  the  moraine,  namely,  that  the  bowlders 
of  which  it  is  composed  consist  largely  of  granite,  and  this  in  spite 
of  the  fact  that  a  careful  search  for  many  miles  revealed  no  granite 
outcrops  up  the  valley  from  the  moraine.  A  glance  at  Hajgue's 
map  of  the  Crandall  Quadrangle'  shows  that  in  his  mapping  he 
located  no  granite  outcrops  in  Simlight  valley  within  the  area  of 
that  quadrangle,  that  is,  in  the  area  above  the  moraine.  Almost  as 
striking  as  the  dominance  of  the  granite  in  the  moraine  is  the  rela- 
tive scarcity  of  andesite,  although  not  far  above  the  moraine  in 
question  the  andesite  walls  of  the  basin  close  in,  almost  entirely 
cutting  out  the  sedimentary  series. 

In  view  of  the  above-mentioned  conditions  the  conclusion  seems 
inevitable  that  the  glacier  moved  up  the  valley,  not  down.  The 
broad  U-shape  of  the  valley  above  the  moraine  may  be  due  in  part 
to  glacial  scour,  the  glacier  at  one  time  having  occupied  a  more 
advanced  position  than  it  did  when  the  moraine  in  question  was 
being  built.  It  is  more  than  probable,  however,  that  the  U-profile 
is  largely  the  result  of  the  glacial  fill  resulting  from  deposition  in  the 
valley  when  occupied  by  the  ice-dammed  lake.  Much  of  the  old 
lake  bed  is  still  very  flat  and  swampy. 

Along  Elk  (Elkhorn)  Creek,  on  the  line  between  sections  13  and 
24,  T.  55  N.,  R.  105  W.,  is  another  well-marked  moraine,  in  the 
bowlder-clay  of  which  were  noted  striated  bowlders  of  limestone, 
granite,  and  Deadwood  flat-i>ebble  conglomerate.  Very  little 
andesite  occurs  in  the  moraine,  though  the  andesite  walls  close  in 
completely,  only  about  three  miles  above.  A  careful  search  up 
creek  from  the  moraine  to  where  the  andesite  covers  all  the  older 
rocks  shows  no  exposures  older  than  the  Madison  limestone  (Mis- 
sissippian),  although  both  granite  and  Deadwood  (Cambrian) 
conglomerate  bowlders  were  found  occurring  abundantly  in  the 
moraine.  Again  the  conclusion  is  inevitable  that  the  ice  moved 
up  the  valley. 

Similar  conditions  were  noted  well  toward  the  head  of  Russell 
Creek,  where  moraines  with  very  little  andesite  and  much  granite 
were  found  resting  directly  on  andesite  outcrops.    Along  Lodge 

'Arnold  Hague,  Absaroka  Folio ^  No.  52. 
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Pole  trail,  on  the  pass  at  the  head  of  Lodge  Pole  Creek,  granite 
bowlders  were  found  high  on  the  andesite  slopes,  nearly  1,500 
feet  above  the  contact  of  the  Paleozoic  series  on  the  granite. 

Similarly  moraines  on  Dead  Indian  Creek  carry  much  granite, 
and  granite  bowlders  were  noted  on  andesite  outcrops  on  the  south 
side  of  the  low  pass  between  the  head  of  Dead  Indian  Creek  and 
Rattlesnake  Creek.  This  occurrence  is  eight  miles  south  of  any 
granite  outcrop  and  nearly  2,000  feet  above  the  contact  of  the 
Paleozoic  upon  the  pre-Cambrian,  near  the  mouth  of  Dead  Indian 
valley. 

In  the  light  of  these  facts  it  would  seem  that  the  Beartooth 
Plateau  was  occupied  by  an  ice  cap  that  sent  several  tongues  east- 
ward into  the  edge  of  the  Bighorn  Basin,  and  a  number  southward 
across  the  Clarks  Fork  Canyon  several  miles  up  the  valleys  of  Sun- 
light, Elk,  Russc^U,  and  Dead  Indian  Creeks. 
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The  Permo-Carboniferous  Ammonoids  of  the  Glass  Mountains^  West 

Texas,  and  their  Stratigraphical  Significance.    By  Emil  Bose. 

University  of  Texas  Bulletin,  No.  1762,  Nov.  5,  1917. 

The  cephalopod  faunas  of  the  Permian  are  still  Imperfectly  known 

in  spite  of  the  work  of  forty  years  in  many  parts  of  the  world.     The 

classic  works  of  Karpinsky  in  Russia,  Waagen  in  India,  C.  A.  White  in 

Texas,  and  Gemmellaro  in  Sicily  have  furnished  the  bulk  of  our  knowledge 

of  these  interesting  transitional  forms.    Dr.  Bose  has  added  a  fifth  to 

these  classics,  in  his  studies  of  the  ammonoids  of  western  Texas. 

The  bulletin  contains  241  pages  of  text,  illustrated  by  11  quarto 
plates  of  halftones. 

Dr.  Bose  describes  the  following  formations  and  new  species,  from 
the  base  up,  ranging  from  the  base  of  the  lower  Permian  to  near  the 
middle  of  the  upper  Permian. 

i)  WoLFCAMP  FORMATION,  with  Daroelites  texanus,  Uddeniies  schucherti, 
Uddenites  minor,  Gastrioceras  modestum,  Schistoceras  diverse- 
cosUUum,  Paralegoceras  incertum,  Agaihiceras  frecki,  Marathonites 
vidriensis,  Marathonites  sulcaius,  Marathonites  j.  p,  smithi,  Vidrio- 
ceras  uddeni,  Vidrioceras  irregulare, 

2)  Hess  formation,  with  Prothalassoceras  welleri,  Marathonites  hargisi. 

3)  Leonard  TORUATion,mth MedlicottiawhitneyiyGastrioceras altudeftse, 

Perrinites  vidriensis,  Perrinites  compressus,  Paralecanites  altudensis. 

4)  Word  formation,  with  Medlicottia  burckhardti,  Gastrioceras  roadense, 

Paraceltites   multicostatus,   Agathiceras    girtyi,   Adrianites   mora- 
thonensis,  Stacheoceras  howmani,  Stacheoceras  giUiamense,  Waagen- 
oceras  dieneri. 
No.  I  is  called  the  zone  of  Uddenites ;  No.  2 ,  zone  of  Prothallassoceras ; 
No.  3,  zone  of  Perrinites;  No.  4,  zone  of  Waagenoceras. 

On  table  I  is  given  a  correlation  table  of  the  Permo-Carboniferous 
cephalopod-bearing  beds  of  the  world,  and  the  position  of  the  Texas 
beds  in  the  column. 

The  previously  known  genera,  Daraelites,  Paralecanites,  and 
Adrianites  are  added  to  the  American  Permian  fauna,  and  also  a  true 
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species  of  Waagenoceras,  those  formerly  assigned  to  that  genus  being 
shown  to  belong  to  a  new  genus,  Perrinites.  The  following  new  genera, 
or  subgenera,  are  described:  Uddenites  of  the  Medlicottidae;  Mara- 
thonites,  Vidrioceras,  and  Perrinites  of  the  Arcertidae;  Prothallasso* 
ceras  of  the  Thalassoceratidae.  While  there  might  be  a  difference  of 
opinion  as  to  whether  these  should  have  generic  rank,  they  are  undoubt- 
edly groups  of  species  deserving  recognition,  and  seem  to  be  sharply 
characteristic  of  horizons.  These  horizons  may  be  zones,  though  they 
should  not  be  given  that  rank  until  they  are  shown  to  have  interregional 
significance. 

Dr.  Bose  has  enriched  his  work  with  numerous  critical  comparisons 
with  all  known  kindred  Permian  ammonoids,  so  that  in  the  future 
paleontologists  will  have  an  easier  time  in  determining  relationships  and 
stratigraphic  positions  of  this  group.  The  species  and  genera  are  all 
fully  described  and  beautifully  illustrated. 

This  contribution  should  take  rank  with  that  of  Karpinsky  on  the 
Artinsk  fauna  of  the  Ural  Mountains,  and  of  Gemmellaro  on  the  Sicilian 
Permian,  and  make  Texas  a  classic  region  for  the  study  of  late  Paleo- 
zoic ammonoids* 

James  Persin  Smith 


La  Face  de  la  terre.  Par  Ed.  Suess,  Traduit  avec  Tautorisation 

de  Tauteur  et  annot£  sous  la  direction  de  Emmanuel  de  Mar- 

GERIE.    Tome  III:  4*  Partie  (Fin)  avec  un  Epilogue,  par  P. 

Termier,  de  TAcademie  des  Sciences.    Also,  Tables  g6n6rales 

de  I'ouvrage.     Paris:    Librairie  Armand  Colin,  1918.     Pp. 

1361-1724  and  1-258. 

An  event  of  no  little  importance  to  geologists  has  been  the  issue  of 

the  concluding  parts  of  La  Face  de  la  terre,  the  French  edition  of  Das 

AfUlUz  der  Erde  by  Eduard  Suess,  by  many  considered  the  greatest 

treatise  upon  geological  science  since  the  founding  of  modern  geology. 

The  complete  French  edition  of  this  great  work  now  comprises  no 
less  than  13,437  imperial  octavo  pages,  12  colored  plates,  and  583  figures 
in  the  text.  Suess's  work  exists  complete  therefore  in  English  and 
French,  as  well  as  in  the  original  German  edition  and  the  first  volume 
has  been  done  into  Italian.  The  importance  which  attaches  to  the 
French  edition  lies  in  its  great  superiority  over  the  original,  and  this 
not  alone  because  of  its  better  dress,  but  because  the  translator  has 
supplied  a  vast  amount  of  original  material  out  of  a  mental  equipment 
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for  such  work  which  is  today  unrivaled  in  the  world.  This  material 
has  been  introduced  in  footnotes,  while  rendering  a  most  faithful  trans- 
lation of  the  original  text  and,  further,  enriching  the  work  with  487 
illustrations,  or  more  than  four  times  the  original  number  in  the  German 
text. 

The  making  of  this  French  edition  of  a  great  philosophical  work 
has  extended  over  twenty-five  years  and  has  involved  an  amount  of 
painstaking  labor  such  as  is  seldom  assumed  by  a  savant  of  the  high 
scientific  attainments  of  Dr.  de  Margerie,  a  former  president  of  the 
Geological  Society  of  France. 

The  initial  volume  of  the  text  appeared  in  1897  and  was  introduced 
by  that  master-mind  which  has  contributed  so  much  to  French  and  espe- 
cially Alpine  geology,  M.  Marcel  Bertrand;  and  now  the  concluding  part 
is  most  appropriately  closed  after  an  interval  of  twenty-two  years  by  an 
epilogue  from  the  pen  of  M.  Pierre  Termier,  likewise  a  profound  student 
of  those  problems  with  which  tMs'k>ur  deforce  especially  deals.  There  is 
propriety  in  here  translating  a  few  lines  from  Bertrand's  Preface  and 
Termier *s  Epilogue.    In  the  former  we  read: 

One  of  our  masters  said  to  me  one  day  a  propos  of  a  work  of  one  of  our 
colleagues  which  had  greatly  interested  us,  "He  is  perhaps  the  one  who  has 
best  comprehended  Suess. "  This  expression  appeared  to  me  to  be  under  its 
simple  and  unpremeditated  form  the  most  striking  tribute  to  the  author  of  the 

Antlitz  der  Erde The  AntlUz  der  Erde  brings  together  the  work  of  an 

entire  century.  It  sets  forth  the  state  of  knowledge  acqmred  about  the  globe 
which  we  inhabit.  It  shows  with  samples  in  hand  that  the  era  of  groping  has 
passed  and  that  the  grand  features  of  the  earth's  face  are  now  known  to  us; 
it  determines  the  frame  into  which  henceforth  each  new  observation  can  take 

its  place  and  acquire  its  full  value It  [Suess's  method]   has  been 

able  to  show  the  relationships  and  establish  the  connections  from  one  limit 
of  our  hemisphere  to  the  other,  which,  for  example,  had  not  before  been  per- 
ceived even  from  one  boundary  of  France  to  the  other.  M.  Suess  has  known 
how  to  elevate  the  fundamental  features  to  a  sufficient  altitude  to  be  seen  above 
the  complex  details  of  their  surroundings. 

Dr.  de  Margerie  had  brought  his  labors  upon  this  great  work  to  a 
conclusion  when  the  hostilities  of  the  world-war  were  coming  to  an  end 
with  the  signing  of  the  armistice.  It  is  altogether  natural  and  proper 
therefore  that  M.  Termier's  Epilogue  should  take  account  of  the  new 
race  psychology  based  upon  revelations  which  have  struck  deep  into  the 
souls  of  us  all,  and  to  those  of  Frenchmen  more  than  of  any  others.  He 
says: 
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The  publication  of  this  work,  the  French  edition  of  Das  AntlUz  der  Erde, 
has  been  completed  in  mourning.  The  epilogue  which  I  had  been  asked  to 
write,  and  which  formerly  in  happy  years  I  had  dreamt  to  offer  to  the  old 
master  as  a  tribute  of  admiration,  affection  and  gratitude,  will,  alas,  be  neither 
read  nor  heard  by  him;  and  in  penning  these  lines  I  can  put  into  them  neither 
the  enthusiasm  nor  the  joy  of  my  dream,  because  the  hour  is  sad  and  too  much 
blood  and  too  many  tears  have  flowed  upon  the  terrible  way  where  humanity 
drags  along. 

Eduard  Suess  died  at  Vienna  during  the  night  of  the  25-26  April,  1914; 
passed  away  peacefully,  without  suffering,  painlessly,  without  having  any 
presentiment  of  those  disasters  which  were  about  to  descend  upon  Europe. 
Many  will  agree  with  me  in  thinking  that  he  did  well  to  die  in  the  care-free 
spring,  the  forerunner  of  a  sunmier  of  massacres.  Altogether  good,  generous, 
devoted  to  others,  evidently  made  for  sweetness  and  tenderness,  he  would 
have  suffered  atrociously  to  see  what  we  have  seen,  to  see  entire  peoples  seized 
with  madness,  the  face  of  the  earth  ravaged  and  blood-soaked,  the  hate  of 
races  which  he  believed  abolished  exasperated  even  so  as  to  desire  extermina- 
tion; to  see  this  impassable  and  indestructible  barrier  erected  across  Europe 
to  separate  the  friends  of  yesterday,  those  who  collaborated  in  the  works  of 
peace,  of  life,  of  brotherhood;  those  who  would  have  forgotten  their  ancient 
frontiers  ....  and  who  now  are  enemies  for  how  long  a  time — Great  God  I 
He  has  known  nothing  of  these  things,  he  has  appeared  to  fall  asleep  in  the 
quiet  of  his  home  in  the  heart  of  a  city  prosperous  and  happy,  in  the  silence  of 
the  peaceful  night,  at  the  end  of  April,  in  this  time  of  the  year,  ....  Yes, 
in  truth,  the  hour  was  favorable  for  men  to  depart  and  enter  quietly  into 
dissolution:  he  has  done  well  to  die. 

It  would  be  idle  to  deny  that  Suess  has  advanced  hypotheses  to  which 
he  adhered  with  the  greatest  tenacity,  but  which  have  not  stood  the 
test  of  time,  such,  for  example,  as  his  idea  of  the  horst.  In  a  biographical 
note  published  in  this  journal  shortly  after  the  death  of  Suess  the  re- 
viewer wrote  of  the  AntlUz: 

The  honest  critic  must  frankly  admit  that,  great  as  is  this  masterpiece  of 
geological  generalization,  it  suffers  from  two  rather  serious  defects.  Its  author 
was  almost  too  clever  as  advocate  and  parliamentarian  and  was,  moreover, 
not  without  bias.  With  a  manner  altogether  masterful,  he  could  dismiss  as 
it  were  with  a  wave  of  the  hand  important  evidence  which  was  imfavorable  to 
maintenance  of  his  thesis  and,  with  equal  ability,  could  magnify  the  weight  of 
much  less  valuable  or  unimportant  observations.  Again,  his  great  work  suffers 
from  a  bewildering  detail  and  an  enumeration  of  localities  too  small  to  appear 
upon  maps  outside  the  original  articles  but  upon  which  the  conclusions  are 
absolutely  dependent,  so  that  the  reader  is  prevented  from  following  the 
author^  argument. 
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Termier's  tribute  to  the  distinguished  translator  of  the  AnilUz  is 
well  merited  and  may  here  take  the  place  of  the  poor  words  of  the 
reviewer.    He  continues: 

I  recall  my  astonishment  and  the  admiration  which  I  immediately  con- 
ceived for  the  character  of  Emmanuel  de  Margerie,  still  unknown  to  me,  upon 
that  day  of  the  year  1890  when  Marcel  Bertrand  said  to  me  the  simple  words: 
"De  Margerie  has  the  intention  of  translating  the  AntlitZy  you  will  see  that  he 
will  go  to  the  end. "    Once  more  Marcel  Bertrand  has  been  a  good  prophet. 

Open  now  the  French  edition  alongside  the  German  edition  and  compare 
them  volume  by  volume,  chapter  by  chapter.  You  will  be  amazed,  not  alone 
at  the  scrupulous  exactitude  of  the  translation,  not  alone  by  the  reverent 
fidelity,  truly  filial,  of  the  disciple  in  retaining  the  accent  of  the  master  and 
reproducing  his  thought  even  to  its  exact  shade,  but  even  more  at  the  magnifi- 
cent prodigality  with  which  the  disciple  has  enriched  the  work  of  Eduard  Suess. 
The  farther  one  penetrates  into  the  work,  the  more  this  enrichment  becomes 
manifest.  In  place  of  tiring,  of  exhausting  himself,  the  translator  expands 
his  erudition  and  feels  his  enthusiasm  growing,  and  here  it  is  that  he  adds  to 
each  fact  cited  by  the  author  ten  other  facts  which  complete  the  first  and  place 
it  in  the  full  light.  So  that  the  French  edition  which  guards  in  the  body  of  the 
text  the  moderation  and  the  clarity  of  the  German  text,  offers  to  its  reader  in 
addition  a  world  of  documents,  notes,  maps,  or  sketches  of  which  each  is  in 
its  proper  place  and  suppUes  valuable  information. 

Thus  you  will  understand  the  affection  of  Eduard  Suess  for  Emmanuel 
de  Margerie.  I  have  never  spoken  to  the  master  of  his  French  translator 
without  seeing  the  tears  appear  in  his  splendid  eyes,  where  they  appeared  to 
reflect  the  majesty  of  the  universe.' 

In  truth,  Emmanuel  de  Margerie  has  deserved  well  of  science.  He  has 
opened  fully  and  definitely  to  all  scholars  of  the  Latin  race  the  access  to  the 
"magnificent  temple."  Thanks  to  him  into  our  half  of  the  scientific  world 
Suess*s  work  will  penetrate  with  greater  richness  and  comprehensibility,  and 
in  the  other  half  many  a  savant  who  has  read  Das  AnUitz  der  Erde,  will  prefer 
La  Face  de  la  ierre. 

William  Herbert  Hobbs 


Geology  of  Missouri,    By  E.  B.  Branson.     University  of  Missouri 
Bulletin.    Vol.  XIX,  No.  15.     1918.    Pp.  172. 
This  bulletin  gives  a  summary  of  the  geological  history  of  Missouri, 
with  a  very  brief  description  of  the  principal  formations  and  the  principal 

»  The  same  warm  affection  Suess  cherished  for  Marcel  Bertrand,  and  the  reviewer 
can  testify  that  his  eyes  welled  with  tears  as  he  referred  to  the  darkened  years  which 
closed  the  career  of  this  great  French  savant.  It  is  worth  our  while  to  remember  this 
in  these  days  of  race  hatreds  without  parallel. 
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geographic  changes  which  the  state  underwent  in  the  course  of  its 
history.  It  is  illustrated  by  numerous  paleogeographic  maps  and  some 
excellent  diagrams  and  sections.  This  brief  summary  of  the  geological 
history  of  the  state  is  very  welcome  to  those  who  live  beyond  the  con- 
fines of  Missouri,  as  it  doubtless  is  to  many  residents  of  the  state. 

One  chapter  deals  with  the  life  of  the  various  geologic  periods. 
Others  deal  with  the  minerals  and  rocks  of  the  state  and  with  its  eco- 
nomic geology.  The  later  chapters  outline  the  range  of  industries 
dependent  upon  geologic  materials,  and  give  a  summary  of  the  value 
of  the  mineral  products.  The  range  of  mineral  resources  is  perhaps 
larger  than  most  of  those  unfamiliar  with  the  geology  of  the  state  have 
known. 

R.  D.  S. 
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Map  176A.    Graham  Island,  British  Columbia.    [Canada  Department  of 

Mines,  Geological  Survey.    Ottawa,  191 7.] 
Map    177A.    Southern    Portion    of    Graham    Island,    British    Columbia. 

[Canada  Department  of  Mines,  Geological  Survey.    Ottawa,  191 7.] 
Map  1667.    Slocan  Mining  Area,  British  Columbia.     Geology.     [Canada 

Department  of  Mines,  Geological  Survey.    Ottawa,  191 7.I 
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PART  I 

introduction 

Many  phases  of  geology  involve  little  more  than  an  under- 
standing of  what  has  taken  place  at  or  near  the  surface  of  the 
earth.  They  can  thus  be  studied  more  or  less  directly.  A  study 
of  diastrophism,  however,  involves  in  addition  a  consideration  of 
what  has  taken  place  at  greater  depths.  The  visible  mountain 
range  is  but  the  outward  expression  of  more  deeply  operating  forces. 
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Its  surficial  features  may  be  fairly  well  appreciated;  but  its  deeper 
portions  are  as  yet  very  imperfectly  imderstood.  Furthermore 
the  visible  expression  is  material,  while  the  formative  process  is 
dynamic.  The  deeper  and  dynamic  qualities  are  thus  to  be 
unraveled  only  indirectly  by  special  methods. 

In  Chamberlin  and  Salisbury's  Geology^  a  method  has  been 
given  for  deducing  the  thickness  of  the  earth  shell  involved  in  a 
given  case  of  folding.  This  method  utilizes  the  principle  that  if 
the  amount  of  crustal  shortening  be  known  and  also  the  amount 
of  uplift  resulting  from  the  folding,  the  depth  of  the  deformed 
block  may  readily  be  calculated.  It  is  first  tentatively  assumed 
that  the  folding  process  has  occasioned  a  change  of  shape,  but  has 
only  produced  a  negligible  change  of  voliune,  the  cubic  contents 
of  the  deformed  block  being  essentially  the  same  after  folding  as 
before.  If  this  assumption  be  allowed,  the  product  of  the  original 
length  of  the  section  before  folding  times  the  amount  of  uplift 
resulting  from  the  folding,  will  equal  the  amo\mt  of  crustal  shorten- 
ing times  the  depth  of  the  folded  zone.  Since  the  indications  are 
that  the  increase  in  density  and  reduction  in  volume  of  the  deformed 
mass  in  cases  of  ordinary  open  folding  are  relatively  slight  and  can 
if  necessary  be  covered  by  a  corrective  factor,  this  method  appears 
to  be  trustworthy. 

An  application  of  these  principles  by  a  trial  of  this  method 
upon  the  Appalachian  Mountain  system  led  to  some  very  unex- 
pected results.'  The  moimtainous  belt  of  central  Pennsylvania 
having  been  selected  for  the  trial,  because  folding  is  so  typically 
displayed  there,  a  strip  across  the'  mountains  from  Tyrone  to 
Harrisburg  was  measured  and  its  cross-section  plotted  to  scale. 
The  plotted  section  was  then  divided  into  six  subdivisions.  Apply- 
ing the  method  above  outlined,  the  depth  of  the  folded  zone  was 
calculated  separately  for  each  subsection.  The  result  was  the 
discovery  that  the  two  shallowest  sections  were  on  the  two  margins 
of  the  folded  region,  while  the  deepest  portion  was  in  the  middle 
of  the  range.     This  would  indicate  that  the  shape  of  the  deformed 

« II  (1906),  125-26. 

'RoUin  T.  ChamberllD.  "The  Appalachian  Folds  of  Central  Pennsylvania," 
Jour.  Geol.,  XVIII  (1910),  228-51. 
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A^>alachian  mass  in  central  Pennsylvania  was  that  of  a  triangular 
prism,  or  wedge,  which  apexed  downward  in  the  middle  of  the  range. 
Though  the  wedge-shaped  mass  was  a  result  quite  unexpected, 
it  did  harmonize  well  with  various  theoretical  considerations.  In 
fact  it  not  only  appeared  reasonable  of  itself,  but  seemed  to  suggest 
that  the  principles  developed  might  well  be  of  very  general  appli- 
cation to  mountain  building,  and  might  also  find  some  application 
to  plateaus  and  continental  sectors.  The  wedge-shaped  block 
and  wedge  dynamics  in  deformation  seemed  to  open  up  possi- 
bilities along  a  new  line.  In  view  of  this,  it  seemed  desirable  to 
apply  this  method  of  inquiry  to  some  other  moimtain  systems. 
For  this  work  the  Rocky  Mountains  were  the  most  available, 
and  as  a  result  of  preliminary  scouting  in  the  summer  of  1913  the 
section  in  the  vicinity  of  the  Denver  and  Salt  Lake  Railroad 
(MoflFat  Road)  in  northern  Colorado  was  selected  for  the  trial. 
The  strip  from  the  Great  Plains  near  Lyons  to  the  Grand  Hogback 
at  Glenwood  Springs  affords  perhaps  the  most  characteristic  section 
which  can  be  selected,  and  is  at  the  same  time. readily  accessible. 
The  special  field  work  for  this  cross-section  was  done  largely  in  the 
summers  of  1915  and  1916,  besides  which  short  supplementary 
visits  were  made  in  191 7  and  1918,  including  many  trips  to  points 
off  the  section  for  collateral  suggestions. 

THE  COLORADO  ROCKIES 

The  Rocky  Moimtain  system  extends  from  the  Endicott  Range 
of  northern  Alaska  southward  as  far  as  central  New  Mexico, 
where  it  gradually  fades  out.  It  is  a  belt  of  varying  width  and 
structure.  In  Alberta  and  British  Columbia  the  Rocky  Mountain 
system,  according  to  Daly,  is  very  definitely  boimded  by  the  Great 
Plains  on  the  east  and  the  Rocky  Mountain  trench  on  the  west.' 
It  is  bordered  on  its  eastern  margin  throughout  many  degrees  of 
latitude  by  great  overthrust  faults.  In  its  western  part,  though 
faults  continue  to  be  numerous,  folding  becomes  more  prominent.* 
Characterized   thus   structurally,   the   Rocky   system   continues 

'  R.  A.  Daly,  "Geology  of  the  North  American  Cordillera  at  the  Forty-ninth 
Parallel,"  Geol.  Surv.  Can.,  Memoir  38  (191 2),  PI.  Ill  and  p.  27. 

*  R.  G.  McConnell,  *' Report  on  the  Geological  Features  of  a  Portion  of  the  Rocky 
Mountains/*  Geol.  Surv,,  Can.,  II  (1886),  Part  D,  pp.  31  to  40. 
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southward  nearly  halfway  across  the  state  of  Montana.'  The 
regular,  linear,  faulted  chain  here  loses  its  distinctiveness  and 
identity,  and  gives  way  to  an  irregular  group  of  scattered  mountain 
clusters  in  west  central  and  southwestern  Montana.  Many  of 
these  have  resulted  from  igneous  outbursts,  and  exhibit  the  results 
of  vertically  acting  forces  fully  as  much  as  horizontal  thrusting. 
Progressing  southward  across  Wyoming,  the  ranges  of  the  Rocky 
group  tend  to  come  together  more  closely  in  alignment  and  form  a 
more  distinct,  continuous  chain.  But  the  characteristic  structure 
of  the  system  has  changed.  Gentle,  open  folding  has  replaced 
thrust  faulting  as  the  key  structure.  This  continues  across 
Colorado  and  into  New  Mexico. 

On  many  maps  the  western  half  of  the  state  of  Colorado  gives 
the  impression  of  a  tangle  of  moimtains  which  manifest  but  little 
order  in  arrangement.  Such,  however,  is  not  the  case.  The  Rocky 
Moimtains  enter  Colorado  from  the  north  as  two  distinct  ranges — 
the  Front  Range  on  the  east  and  the  Park  Range  to  the  west. 
Southward  these  two  ranges  gradually  converge.  Though  the  Park 
Range  dies  out  in  the  vicinity  of  Buena  Vista,  it  is  replaced,  en 
ichdouy  by  the  Sawatch  Range.  Farther  south,  in  the  neighbor- 
hood of  Salida,  the  Sawatch  chain  breaks  down  and  is  replaced  in 
turn  by  the  Sangre  de  Cristo  Range.  In  about  the  same  latitude 
the  Front  Range  dies  down  and  is  replaced  south  of  the  Arkansas 
River  by  the  Wet  Mountains.  The  convergence  continues  until 
the  two  groups  of  ranges  come  together  near  La  Veta  Pass,  from 
which  point  southward  into  New  Mexico  the  entire  Rocky  Moun- 
tain system  comprises  but  a  single  serrate  ridge — the  Culebra 
Range,  or  southern  Sangre  de  Cristo  Moimtains.  The  pattern 
on  the  map  is  represented  somewhat  approximately  by  the  letter 
Y,  though  the  two  upper  branches  do  not  converge  quite  so  rapidly 
as  in  the  printed  letter,  and  the  en  ichelon  arrangement  of  the  indi- 
vidual ranges  disturbs,  to  a  certain  extent,  the  smoothness  of 
alignment  (Fig.  i). 

This  Y  includes  all  of  the  Rocky  Mountain  system  prop>er, 
which  is  essentially  a  folded  system  in  Colorado.    West  of  the 

'  Bailey  Willis,  "Stratigraphy  and  Structure,  Lewis  and  Livingston  Ranges, 
Montana,"  BvU,  Geol.  Soc.  of  Amer.,  XIII  (1902),  305-52;  F.  H.  H.  Calhoun,  l^-S. 
GeoU  Survey,  Prof,  Paper  $0  (1906),  pp.  9-10. 
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Rockies  proper  are  several  scattered  mountain  groups,  such  as  the 
San  Juan  Mountains,  Elk  Mountains,  West  Elk  Mountains,  and 
Flattop  Mountains,  which  mark  spots  of  excessive  Tertiary  vul- 
canism.  Structurally  they  are  quite  distinct  from  the  folded 
Rockies  proper,  and  occur  as  isolated  groups  in  the  midst  of  com- 
paratively imdisturbed,  flat-lying  sedimentary  rocks.    There  are 


Fig.  I. — Geologic  map  of  Colorado  (after  R.  D.  George).  The  darkly  shaded 
pre-Cambrian  areas  delineate  rather  closely  the  pattern  of  the  Rocky  Mountains 
within  Colorado.  The  ranges  converge  southward  in  en  ichelan  arrangement  roughly 
suggesting  the  letter  Y. 

also  some  local  domelike  upwarps  in  the  western  part  of  the 
state.  These  local  upwarps  and  the  isolated  groups  genetically 
related  to  Tertiary  vulcanism  should  be  sharply  differentiated  from 
the  Rocky  Moimtains  proper — the  folded  range.  The  history 
of  the  impressive  San  Juan  group  has  been  worked  out  in  detail 
by  Cross,'  Atwood,'  and  others. 

'  Whitman  Crossj  U.S.Geol.  Survey j  Geol.  Atlas,  Needle  Mountains,  Rico,  Silver- 
ton,  Telluride,  and  other  folios. 

»W.  W.  Atwood,  "Eocene  Glacial  Deposits  in  Southwestern  Colorado,"  U.S. 
Geol.  Survey,  Prof,  Paper  gs-B  (1915),  pp.  22-24. 
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The  differentiation  of  Colorado's  mountains  into  the  Rocky 
System  proper  and  the  subordinate  scattered  groups  mostly  associ- 
ated with  Tertiary  vidcanism  is  apparent  on  either  the  topographic 
or  the  geologic  map  of  the  state.'  The  Rocky  Moimtain  Y  has 
a  pre-Cambrian  granite  backbone  throughout  nearly  the  whole  of 
its  extent.  In  fact,  the  pre-Cambrian  areas  of  Colorado,  except 
for  a  large  area  of  igneous  and  metamorphic  rocks  south  of  the 
Gxmnison  River,  delineate  very  well  the  pattern  of  the  Rocky 
Mountains.  The  southward  converging  of  these  folded  ranges  of 
old  rocks,  which  taper  into  a  single  moimtain  ridge,  appeared 
significant  and  possibly  suggestive  of  the  type  of  deformation 
which  has  taken  place.  It  seemed  to  imply  some  sort  of  wedge 
dynamics  below, 

HISTORY  OF  THE  MAIN  RANGE 

The  present  Rockies  are  not  the  first  moimtain  sjrstem  developed 
within  the  area  of  Colorado.  After  a  flooding  of  the  region  by 
early  Pennsylvanian  seas  there  arose,  before  the  dose  of  the 
Pennsylvanian  period,  an  ancestral  Rocky  Mountain  range.* 
The  elevation  of  these  ancient  Rockies  has  been  assigned  by  Lee 
"to  the  period  of  diastrophism  usually  called  the  Appalachian 
Revolution  which  wrought  world-wide  changes  in  climate, 
geography,  and  biology."^  But  Lee  recognizes  that  these  ancient 
Rockies  were  probably  uplifted  before  the  Permian,  because 
sediments  derived  from  the  erosion  of  this  ancestral  range  have 
formed  the  Permian  beds  of  the  neighborhood.  Still  further,  if 
the  present  tendency  to  place  the  Fountain  sandstone  and  its 
equivalents  within  the  Pennsylvanian*  be  correct,  this  growth  of 
early  Rockies  must  have  taken  place  during  the  Pennsylvanian, 
as  that  period  is  now  defined,  since  the  sediments  which  made  the 
Fountain  sandstone  came  from   the  destruction  of  the  newly 

*  The  Topographic  Map  of  Colorado.    R.  D.  George,  1913. 

"Willis  T.  Lee,  "Early  Mesozoic  Physiography  of  the  Southern  Rocky  Moun- 
tains," Smithsonian  Misc.  Coll.,  LXIX,  No.  4  (1918),  pp.  5-7.  * 

*  Ibid.,  p.  6. 

^R.  M.  Butters,  "Permian  or  'Permo-Carboniferous'  of  the  Eastern  FoothiUs 
of  the  Rocky  Mountains  in  Colorado,*'  Colo.  Geol.  Survey,  Bull.  5  (1913),  Part  2, 
PP-  65-94. 
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uplifted  range.  More  exact  determination  of  the  age  of  this 
diastrophism  must  await  closer  correlation  of  these  lower  Red 
Beds.  But  one  may  well  wonder  whether  this  ancestral  Rocky 
Mountain  building,  which  seems  to  correspond  in  time  with  a 
prominent  period  of  folding  in  the  Arbuckle  Moimtains  of  Okla- 
homa, may  not  prove  to  have  been  closely  related  to  the  mid- 
Pemisylvanian  Hercynian  otogenic  disturbance  recognized  by 
Baker  and  Bowman  in  the  Trans-Pecos  region  of  Texas.'  On  the 
other  hand,  the  Appalachian  diastrophism  would  seem  to  have  come 
after  a  portion  at  least  of  the  Permian,  if  the  Dunkard  beds  included 
in  the  Appalachian  folded  series  are  correctly  referred,  •  as  is 
commonly  done,  to. the  Permian. 

It  is  not  sufficiently  clearly  recognized  by  geologists  that  the 
diastrophism  marking  the  closing  stages  of  the  Paleozoic  was 
a  double  diastrophism,*  comprising  an  essentially  world-wide 
Hercynian  orogenic  disturbance — the  Westphalo-Carbonide  move- 
ment between  the  Westphalian  and  the  Stephanian — ^and  a  more 
local  Appalachian  disturbance,  the  Permo-Carbonide  movement 
which  came  after  a  portion  at  least  of  the  Permian.  It  was  the 
earlier,  or  Westphalo-Carbonide,  movement  that  inaugurated  those 
profound  climatic  changes  which  are  recorded  in  widespread  evi- 
dences of  vigorous  glaciation  within  the  tropics,  in  the  astonishingly 
wide  prevalence  ©f  Red  Beds  the  world  over,  and  which  are  reflected 
in  turn  in  great  changes  in  life,  and  which,  in  view  of  the  dominat- 
ing character  of  these  changes  and  their  great  significance  from 
many  standpoints,  may  perhaps  not  unfittingly  be  chosen  as  the 
dividing  line  between  the  Paleozoic  and  the  Mesozoic. 

Lee  states  that  in  few  places  in  the  Rocky  Mountains  can  a 
line  of  separation  be  drawn  between  the  Permian  and  Triassic 
rocks,  while  there  is  a  much  greater  break  in  sedimentation  between 
the  Pennsylvanian  limestone  and  the  Permian  Red  Beds.^  During 
the  later  Pennsylvanian  and  Permian  periods  detritus  from  the 

»  C.  L.  Baker  and  W.  F.  Bowman,  "Geologic  Eicploration  of  the  Southern  Front 
Range  of  Trans-Pecos,  Texas,"  Univ.  of  Texas,  Bull.  No.  1753  (191 7),  pp.  107-12. 

» RoUin  T.  Chamberlin,  "Periodicity  of  Paleozoic  Orogenic  Movements,"  Jour. 
Ceoi.,  XXII  (1914),  334-45. 
» Willis  T.  Lee,  op.  cU.,  p.  7. 
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newly  upUfted  mountains  was  deposited  nearby  and  formed  the 
now  prominent  non-marine  Red  Beds.  Erosion  of  the  mountains 
continued  through  the  Triassic  and  part  of  the  Jurassic,  approaching 
peneplanation  before  the  close  of  the  Jurassic  and  preparing  the 
way  for  a  marine  invasion  in  Upper  Jurassic  times.*  The  sub- 
mergence did  not  last  long,  and  upon  the  graded  plain  abandoned 
by  the  sea  and  the  peneplaned  area  ^luroimding  it  the  streams  of 
early  Comanchean  time  spread  out  the  seidiments  of  the  Morrison 
formation.' 

The  Cretaceous  period  was  a  time  of  very  extensive  marine 
sedimentation  in  the  Rocky  Moimtain  region.  Lee  has  brought  out 
the  fact  that  the  Dakota  sandstone,  and  probably  also  the  overlying 
marine  Cretaceous  formations,  formerly  extended  uninterruptedly 
over  the  areas  now  occupied  by  the  Colorado  Rockies.*  These 
Cretaceous  beds  mark  the  last  great  marine  invasion  of  the  interior 
of  North  America  and  are  represented  by  a  thick  stratigraphic 
colimin.  In  waning  Cretaceous  times  the  seas  shoaled  and  with- 
drew, causing  marine  sedimentation  to  give  way  to  terrestrial 
deposits  with  included  coal  beds. 

Laramide  diasirophism. — The  Cretaceous  period  was  the  long 
quiet  before  the  storm.  At  its  close  the  growing  stresses  within 
the  earth  sought  relief  in  folding  movements.  These  were  of  a 
pulsatory  nature,  for  at  least  two  distinct  periods  of  folding  have 
been  distinguished.  In  northern  Colorado  the  first  of  these  followed 
the  deposition  of  the  Laramie  formation  of  the  Denver  Basin.  But 
in  southern  Colorado  no  folded  formation  so  late  as  this  has  been 
preserved,  owing  to  the  greater  erosion  there  in  the  interval  between 
the  folding  and  the  deposition  of  the  basal  Eocene.  In  that 
region  the  last  formation  affected  by  the  Laramide  disturbance 
which  has  escaped  removal  is  the  Vermejo  formation  of  the  Mon- 

^Ihid.j  pp.  7-12  and  24-41;  also  W.  N.  Logan,  "A  North  American  Epicontin- 
ental Sea  of  Jurassic  Age, "  Jour,  Gecl.y  VIII  (1900),  242-73^ 

» See  C.  C,  Mook,  "A  Study  of  the  Morrison  Formation,"  iltifi.  New  York  Acad. 
5«.,XXVII(i9i6),3i-i9i. 

3  Willis  T.  Lee,  "Relation  of  the  Cretaceous  Formations  to  the  Rocky  Moun- 
tains in  Colorado  and  New  Mexico, "  U.S,  Geol.  Survey ,  Prof.  Paper  gs-C  (191 5), 
pp.  27-58. 
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tana  group/  The  exact  extent  of  this  diastrophic  movement  has 
not  yet  been  satisfactorily  determined  for  the  Colorado  region, 
principally  for  the  reason  that  contacts  between  the  Cretaceous  and 
early  Eocene  within  the  folded  portion  of  the  range  are  few  and 
very  unsatisfactory,  owing  to  the  great  amount  of  erosion  which 
has  taken  place  there.  Folded  or  faulted  Cretaceous  beds  overlain 
by  less  disturbed  early  Eocene  strata  are  not  foimd  at  many  places 
in  Colorado.  In  Wyoming,  however,  th^re  are  numerous  sections 
in  which  the  Adaville  formation  (upper  Montana  and  lower 
Laramie)  shows  profoimd  folding  and  faulting  followed  by  extensive 
erosion  before  the  deposition  of  the  Evanston  (early  Eocene) 
beds,  which  lie  in  strong  discord  across  the  truncated  edges  of  the 
Mesozoic  strata.* 

In  Colorado  the  Laramide  upfolding  of  the  Rockies  resulted  in 
a  rapid  erosion  of  the  newly  risen  mountains  and  the  accumulation 
of  the  Dawson  arkose  and  the  Arapahoe  conglomerate  near  Colo- 
rado Springs  and  Denver,  and  the  development  of  the  Raton 
formation  farther  south.  Some  idea  of  the  extent  of  the  upfolding 
may  perhaps  be  obtained  from  the  amoimt  of  erosion  which  immedi- 
ately followed.  Cross  has  estimated  that  post-Laramie  erosion 
had  already,  in  Arapahoe  times,  removed  from  portions  of  the 
folded  belt  west  of  Denver  the  great  total  of  14,000  feet  of  strata, 
ance  pebbles  derived  from  various  geological  horizons  down  as 
far  as  the  Trias  are  found  in  the  Arapahoe  beds.^  In  the  same  way 
Lee  has  estimated  that  the  conglomerate  at  the  base  of  the  Raton 
formation  in  southern  Colorado  is  stratigraphically  more  than 
18,000  feet  above  the  crystalline  and  metamorphic  rocks  that 
furnished  most  of  the  pebbles  found  in  it.^    Lee,  however,  recognizes 

'  Willis  T.  Lee  and  F.  H.  Knowlton,  "Geology  and  Paleontology  of  the  Raton 
Mesa  and  Other  Regions  in  Colorado  and  New  Mexico/'  U.S.  Geol.  Survey,  Prof. 
Paper  toi  (191 7),  P-  64. 

*A.  C.  Veatch  and  A.  R.  Schultz,  "Geography  and  Geology  of  a  Portion  of 
Southwestern  Wyommg,"  U^,  Geol.  Survey,  Prof,  Paper  $6  (1907),  PL  IV;  A.  R. 
Schultz,  "Geology  and  Geography  of  a  Portion  of  Lincoln  County,  Wyoming," 
US,  Geol.  Survey,  BuU.  543  (1914),  PL  IH. 

•  Whitman  Cross,  "Geology  of  the  Denver  B    asin  in  Colorado,"  US,  Geol. 
Survey,  Monograph  27  (1896),  p.  207. 

<  W.  T.  Lee,  US.  Geol.  Survey,  Prof.  Paper  loi  (191 7),  p.  59. 


Digitized  by 


Google 


IS4  ROLUN  T.  CHAMBERUN 

that  it  is  not  known  that  the  older  sedimentary  formations  were 
conformable  and  once  extended  continuously  over  the  now  uplifted 
area,  but  states  that  in  any  case  the  Cretaceous  sedimentary 
rocks  are  ^conformable  throughout,  and  in  order  that  pebbles  of 
sandstone  from  the  Dakota  and  the  still  older  Red  Beds  could  be 
incorporated  in  the  conglomerate  there  must  have  been  differential 
uplift  and  erosion  of  more  than  4,000  feet.  Though  making  this 
very  safe  and  modest  estimate,  Lee  has  expressed  his  belief  that 
the  actual  erosion  was  probably  very  much  greater  than  4,000 
feet.  An  estimate  upon  the  Dawson  arkose  would  probably  be  of 
similar  import. 

Above  the  Arapahoe  in  the  Denver  Basin  is  the  Denver  for- 
mation, whose  composition  is  of  much  significance.  According 
to  Cross  the  material  of  the  Denver  beds,  which  must  have  come 
from  the  highlands  to  the  west,  may  be  classed  as  debris  partly 
from  the  Archean,  partly  from  sedimentary  rocks,  and  partly  from 
andesitic  eruptive  rocks.'  The  Arapahoe  strata  contain  little  or 
no  fragmental  material  derived  from  eruptive  rocks,  while  on  the 
contrary  the  lowest  900  feet  of  the  overlying  Denver  beds  are 
composed  largely  of  andesitic  materials  and  contain  very  little 
granitic  or  sedimentary  d6bris. '  Cross  says:  "  The  andesitic  masses 
which  furnished  the  materials  for  the  lower  part  of  the  Denver 
sediments  were  so  situated  as  to  effectively  prevent  the  access  of 
all  Archean  and  sedimentary  debris  to  the  sea  of  that  epoch. 
That  is  to  say,  the  Archean  and  sedimentary  rocks  in  the  moun- 
tainous area  drained  by  the  tributaries  of  the  Denver  sea  must 
have  been  covered  by  andesitic  lava  flows  so  that  no  material 
other  than  the  eruptive  d6bris  could  appear  in  the  Denver  sedi- 
ments, from  this,  the  prominent  source,  until  erosion  had  laid 
bare,  here  and  there,  small  areas  of  granite,  of  gneiss,  or  of  sand- 
stone." 

More  direct  evidence  of  these  floods  of  andesite,  the  postulated 
source  of  much  of  the  material  of  the  Denver  sediments,  has  been 
foimd  in  Middle  Park,  where  there  is  a  thick  formation  of  andesitic 
breccias  and  tuffs  with  conglomerate  and  sandstone  resting  uncon- 
formably  upon  the  Cretaceous,  and  which  is  comparable  to  the 

» Whitman  Cross,  op.  cU.,  pp.  199-206. 
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Denver  formation  in  lithological  character  and  in  its  fossil  plants.' 
Along  the  Grand  River,  in  the  line  of  the  section  which  was 
measured  as  the  basis  for  this  present  study  of  the  Rocky  Moun- 
tain deformation,  the  Middle  Park  formation  outcrops  continously 
for  a  distance  of  4!  miles.  Its  structure,  as  was  first  noted  in  the 
very  excellent  description  by  Marvine,*  is  basin*like.  On  the 
eastern  limb  of  the  syncline  the  steeply  inclined,  westerly  dipping 
beds  of  the  basal  portion  of  this  formation,  form  the  conspicuous 
mountain  ridge  through  which  the  Grand  River  flows  at  Windy 
Gap,  3^  miles  northwest  of  Granby.  Westward  toward  the 
middle  of  the  basin  the  dip  rapidly  lessens,  and  for  several  miles 
is  not  far  from  horizontal,  but  farther  west  the  lower  beds  of  the 
volcanic  series  emerge  again  about  2  miles  east  of  Hot  Sulphur 
Springs. 

At  Windy  Gap  the  Middle  Park  formation  consists  of  a  series 
of  breccias,  tuffs,  conglomerates,  and  sandstones  dominantly  of 
andesitic   derivation.    In   the   lower  portion   there  are  several 
hundred  feet  of  coarse  breccia  containing  many  cobbles  and  angular 
fragments  of  andesite  up  to  six  inches  in  diameter.    Higher  up  in 
the  series  the  material  becomes  finer,  and  rounding  by  water  action 
becomes  more  prominent.    Within  the  first  five  hundred  feet  of 
the  formation  no  evidence  of  granitic  materials  was  observed.    The 
pre-Laramide  formations  at  this  stage  supplied  very  little  detritus 
to  be  mixed  in  with  the  andesitic  derivatives.    But  in  time  the 
lithological  character  of  the  accumulation  underwent  a  change  as 
new  sources  of  material  became  available.    About   1,000  feet 
stratigraphically  above  the  base  of  the  formation  some  very 
striking  conglomerates  appear  in  the  hills  immediately  west  of  the 
Windy  Gap  Ridge.    Well-rounded  cobbles  of  four  or  five  inches 
represent  the  average  coarseness,  though  bowlders  of  a  foot  or  more 
in  diameter  are  not  difficult  to  find.    These  cobbles  are  of  granitic 
rocks  and  various  fine-grained  porph)rries,  particularly  grayish- 
green  andesite.    The  only  available  source  for  the  granites  is  the 

'Whitman  Cross,  "The  Post-Laramie  Beds  of  Middle  Park,  Colorado,"  Proc. 
Colo.  Set,  Soc.,  rV  (1891-93),  192-214. 

»A.  R.  Marvine,  "Report  on  Middle  Park,"  US.  GeoL  and  Geog.  Survey  of 
Colorado  (Hayden),  1873,  pp.  154-92. 


Digitized  by 


Google 


IS6  ROLUN  T,  CE AM  BERLIN 

pre-Cambrian  complex,  while  the  porphyries  were  as  obviously- 
derived  from  the  flows  of  the  Middle  Park  formation  itself.  The 
old  granites  and  the  Tertiary  effusives  are  in  nearly  equal  pro- 
portions. Above  this  conglomerate  for  another  thousand  feet  are 
various  arkosic  sandstones  and  coarse  conglomerates  whose  material 
has  been  derived  from  both  the  old  granites  and  the  young  andesites. 
Pebbles  of  white  and  purplish  vitreous  quartzite  are  conspicuous 
in  places. 

The  import  of  this  formation  is  that,  either  accompanying  a 
late  stage  of  the  post-Laramie  folding  or  soon  after  it,  there  were 
extensive  outbursts  of  andesite  in  this  portion  of  the  Colorado 
Rockies.  These  flows  were  either  so  vast  or  else  were  so  located 
relative  to  the  basins  where  sediments  accumulated,  that  they 
furnished  a  very  large  part  of  the  detritus  which  made  up  the  lower 
portion  of  the  Middle  Park  formation,  as  urged  by  Cross,  while 
the  Archean  granite  contributed  pracdcally  nothing.  But  later, 
after  these  volcanics  had  suffered  much  erosion,  or  else  there  had 
occurred  further  uplifting  along  the  granite  core  of  the  range,  or 
both,  the  granite  areas  supplied  much  coarse  pebble  and  cobble 
material  to  the  sediments  which  were  accumulating  in  this  basin. 

Early  Tertiary  folding, — Since  deposition  this  Middle  Park 
formation  has  suffered  a  period  of  folding  which  has  accentuated 
the  structural  basin  by  causing  the  basal  volcanics  on  the  eastern 
margin  of  the  syndine  to  dip  westward  at  angles  of  so^'-eo®  and  the 
same  series  on  the  western  margin  to  dip  eastward  at  angles  up  to 
30°.  The  upper  beds  of  the  formation  exposed  in  the  middle  of  the 
syncline  possess  only  very  gentle  undulations  which  cause  them  to 
depart  but  little  from  a  horizontal  position. 

The  time  of  the  folding. movement  which  disturbed  these  beds 
was  not  closely  determined  in  this  present  study.  In  any  case  it 
was  post-Middle  Park  and  pre-Uinta,  for  after  the  folding  a  long 
period  of  denudation  had  greatly  changed  the  region  before  the  beds 
classed  as  Uinta  were  laid  down.  It  is  possible  that  this  is  to  be 
correlated  with  a  prominent  folding  period  which  has  been  recog- 
nized in  the  mountains  of  Wyoming,  and  which  can  be  more  closely 
timed.  There  the  folding  and  faulting  occurred  between  the 
Fowkes  formation  of  the  Lower  Wasatch  and  the  Knight  formation 
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of  the  Upper  Wasatch,  and  is  represented,  according  to  Veatch, 
by  a  break  which  amounts  to  perhaps  5,000  feet  of  strata.'  But 
the  older,  post-Laramie  break  amounts  to  over  20,000  feet,  and 
Veatch  has  expressed  the  opinion  that  the  folding  following  the 
Lower  Wasatch  should  perhaps  be  regarded  as  of  much  less  relative 
significance  than  this  comparison  of  figures  might  indicate,  because 
the  movements  of  the  second  disturbance  were  along  the  lines  of 
weakness  produced  by  the  first.  As  to  correlation,  Veatch  is 
conservative,  placing  the  6,000  feet  of  strata  between  these  two 
breaks  in  the  debatable  groimd  between  the  known  Cretaceous 
and  Tertiary. 

Along  the  western  margin  of  the  Rocky  Mountain  belt  in  the 
Colorado  section  here  studied,  the  Grand  Hogback  upturn  involves 
the  Wasatch  beds  as  fully  as  the  Cretaceous.  This  may  be  observed 
to  the  west  of  Glenwood  Springs,  both  north  and  south  of  the 
Grand  River.  At  Piceance  Gap  to  the  northwest  both  the  Wasatch 
and  Green  River  beds  are  included  in  the  monoclinal  fold  according 
to  Gale*  Farther  west  in  the  Uinta  Basin  of  Utah  the  Wasatch 
has  been  folded  with  the  Cretaceous.^  Whether  this  flexing  on  the 
western  borders  of  the  Rocky  belt  is  to  be  correlated  with  the 
Middle  Park  folding  within  the  range  is  imcertain.  Irrespective 
of  this  it  is  peculiar  in  manifesting  certain  characteristics  of  basin- 
like subsidence  and  downwarping. 

R.  C.  Hills  has  described  this  early  Tertiary  folding  exhibited 
in  certain  portions  of  the  Sangre  de  Cristo  Range  as  post-Bridger, 
because  the  Huerfano  beds  were  involved.*  To  this  period  of  fold- 
ing he  has  also  assigned  the  flexing  of  the  Grand  Hogback,  as  well 
as  rather  widespread  folding  on  the  east  flank  of  the  front  range.* 
Hills  is  the  authority  for  the  belief  that  the  post-Bridger  folding 

'A.  C.  Veatch,  US.  Gtol.  Survey,  Prof.  Paper  56  {1907),  p.  75. 

« Hoyt  S.  Gale,  "  Coal  Fields  of  Northwestern  Colorado  and  Northeastern  Utah, " 
US.  Gtol.  Survey,  BuU.  413  (1910),  PL  XIII. 

» C.  T.  Lupton,  "The  Blacktail  Mountain  Coal  Field,  Wasatch  County,  Utah," 
VS.  Gea.  Survey,  BuU.  471  (1912),  PI.  LXII. 

*R.  C.  Hills,  U.S.  Gea.  Survey  Ged.  AUas,  Walsenberg  Folio,  No.  68  (1900) 
pp.  2-3. 

»R.  C.  mils,  "  Orographic  and  Structural  Features  of  Rocky  MounUin  Geology," 
Proc.  Cdc.  Sd.  Sec,  Hi  (1888-90),  408-19. 
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in  Colorado  was  nearly  as  widespread  and  equally  as  intense  as  the 
post-Laramie  folding."  It  followed  very  closely  the  older  Laramie 
•  lines  of  flexure. 

The  post-Middle  Park  folding  was  followed  by  a  long  period 
of  erosion  in  the  Colorado  Front  Range.  Erosion  in  fact  must 
have  been  steadily  at  work  on  the  main  anticlines  of  the  Colorado 
Rockies  since  their  arching  in  the  Laramide  diastrophism.  This 
long  continued  denudation  greatly  reduced  the  country,  as  is 
known  from  the  fact  that  beds  regarded  as  Uinta  in  age*  w«-e 
laid  down  directly  upon  the  Archean  granite  over  wide  areas  in 
the  Grand  River  region  of  Grand  Coimty.  The  broad  valleys 
and  basins  of  the  region  no  doubt  received  deep  fillings  of  detrital 
material,  as  the  country  was  brought  toward  a  common  level 
by  degradation  of  the  higher  areas  and  aggradation  of  the  lower. 
The  Upper  Eocene  beds  thus  deposited  exhibit  in  places  an  appre- 
ciable departure  from  horizontality,  giving  rise  to  a  slight  waviness 
in  structure,  but  they  seem  to  have  suffered  no  pronoimced  folding. 
This  warping  of  the  Upper  Eocene  beds  suggests  that  in  this  region 
there  was  a  mild  expression  of  the  mid-Tertiary  diastrophism  which 
developed  more  strongly  near  the  Pacific  Coast  and  elsewhere. 

Peneplanation. — ^After  one  or  more  cycles  of  erosion  of  whose 
details  little  is  known,  the  granite  ranges  became  an  imperfect 
plain,  above  which  unreduced  areas  remained  as  scattered  monad- 
nocks  from  500  to  2,500  feet  in  height.^    This  peneplain,  if  such  an 
imperfectly  reduced  area  may  be  designated  by  that  term,  must 
have  extended  throughout  the  region  of  the  Colorado  Front  Range, 
for  remnants  of  it  are  still  preserved  at  many  points  in  diflFerent 
parts  of  the  range.    In  the  neighborhood  of  the  Lyons-Grand 
River  section,  whose  study  constitutes  the  basis  for  the  investi- 
gation in  hand,   these  flats   form  conspicuous  portions    of    the 
continental  divide  in  Flattop  Moimtain  and  some  of  its  imnciediate 
neighbors  in  Rocky  Moimtain  National  Park  (Fig.  2).     The  name 
Flattop  is  correctly  descriptive  of  an  extensive  flattish  j>ortion 

'  R.  C.  Hills,  "Orographic  and  Structural  Features  of  Rocky  Mountain  Geology," 
Proc.  Colo.  Set.  Soc,  III  (1888-90),  p.  443. 

'  Geologic  Map  of  Colorado.    R.  D.  Geoige,  19 13. 

3  W.  M.  Davis, "  The  Colorado  Front  Range, "  Ann.  Assoc,  Am,  Geog.,  I  (19 1 1),  3 1. 
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of  the  divide  in  a  region  of  steep-sided  peaks  and  precipitous  cirque 
walls.  The  bench  mark  on  this  summit  flat  records  an  elevation 
of  12,364  feet.  Views  from  the  nearby  peaks  give  the  observer 
an  excellent  idea  of  this  old  peneplain.  South  of  the  Lyons-Grand 
River  section  more  of  the  peneplain  is  still  preserved  on  the  con- 
tinental divide.    The  crest  of  the  range  from  the  neighborhood 


Fig.  2. — ^The  peneplain  on  the  continental  divide.  Looking  southeast  across 
Flattop  Mountain  (12,364  feet)  to  Long's  Peak,  a  rugged  peak  carved  from  an  unre- 
duced remnant  rising  above  the  peneplain  level.  In  the  immediate  foreground  are 
the  upper  cirque  walls  of  Spruce  Canyon.  Several  other  steep- walled  cirques  head 
back  into  Flattop  but  are  barely  visible  in  this  view. 

of  Arapahoe  Peak  to  James  Peak,  when  viewed  from  the  Windy 
Gap  Ridge  west  of  Granby,  presents  an  almost  horizontal  skyline 
whose  elevation  is  shown  by  the  map  of  the  Central  City  quadrangle 
to  be  very  close  to  12,000  feet.  Continuing  the  vision  to  the  south 
of  the  monadnock  group  comprising  James  Peak,  Mt.  Eva,  and 
Mt.  Flora,  the  eye  is  again  impressed  by  the  level  sky  line  which 
extends  onward  for  many  miles  with  little  departure  from  the 
12,000  foot  elevation. 
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The  age  of  this  peneplain  was  not  determined.  No  ready  means 
of  dating  it  was  foimd  in  the  time  at  disposal,  and  exhaustive  search 
was  not  felt  to  be  vital  to  the  immediate  problem  in  hand,  though 
admittedly  very  important  in  the  history  of  the  range  and  that  of 
the  general  region.  Perhaps  something  may  be  learned  from  a 
comparison  with  more  favorably  situated  peneplains  in  adjoining 
states.  The  pronounced  peneplain  upon  the  Wind  River  Range 
of  Wyoming  has  been  assigned  to  the  middle  of  the  Miocene  by 
C.  L.  Baker.'  Baker  believes  that  this  peneplanation  was  inter- 
rupted, probably  later  in  the  Miocene,  by  an  uplift,  both  regional 
and  orogenic,  along  the  lines  of  the  earlier  Laramide  movement. 
Westgate  and  Branson,  however,  did  not  feel  justified  in  dating 
the  peneplain  more  closely  than  mid-Tertiary.*  Blackwelder, 
on  the  other  hand,  believes  that  the  Wind  River  summit  peneplain 
is  of  Pliocene  age,  for  which  he  gives  a  well  considered  argimient.^ 

In  the  Laramie  region  of  southeastern  Wyoming;  Blackwelder 
has  described  Pole  Moxmtain  and  the  Medicine  Bow  plateau 
surface  as  remnants  of  a  peneplain  developed  by  the  Eocene 
cycle  of  denudation,  while  the  Sherman  peneplain,  at  somewhat 
lower  elevation,  represents  in  his  opinion  a  Pliocene  date.^  These 
two  erosion  leveb,  if  such  they  be,  are  not  far  apart  near  the 
Wyoming-Colorado  line,  indicating  that  but  little  uplift  took  place 
between  these  stages;  but  southward  in  the  Front  Range  of 
Colorado  the  relief  of  the  country  becomes  steadily  greater.  In 
the  Long's  Peak  region  extensive  flats  are  foimd  east  of  the  main 
range  in  the  neighborhood  of  8,000  feet,  which  is  not  far  from  the 
Sherman  level  in  the  Sherman  quadrangle,  but  the  summit  pene- 
plain on  the  continental  divide  is  here  at  an  altitude  of  approxi- 
mately 12,000  feet.  The  Great  Plains  abut  the  foothills  in  the 
Sherman  region  at  an  elevation  of  about  7,000  feet,  ignoring  the 

'  Charles  Laurence  Baker,  "Notes  on  the  Cenozoic  History  of  Central  Wyoming," 
BuU.  Geol.  Soc.  Amer.,  XXIII  (1912),  73. 

'  L.  G.  Westgate  and  £.  B.  Branson,  ".The  Later  Cenozoic  History  of  the  Wind 
River  Mountains,  Wyoming,"  Jour.  Geol.,  XXI  (1913),  144-47. 

i  Eliot  Blackwelder,  "Post-Cretaceous  History  of  the  Mountains  of  Central 
Western  Wyoming,"  Jour.  Geol.,  XXIII  (1915),  193-207. 

^  Eliot  Blackwelder,  "Cenozoic  History  of  the  Laramie  Region,"  Jour.  Ged., 

xvii  (1909),  429-44. 
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river  valleys  which  have  cut  well  below  this  level;  east  of  Long's 
Peak  the  plains  have  an  elevation  of  only  5,000  feet  above  the 
sea.  The  greater  elevation  of  the  Front  Range  in  Colorado  is 
the  result  of  greater  upbowing  of  the  old  peneplain  surface  in  that 
latitude. 

On  the  Sherman  (Wyo,)  sheet  close  to  the  Wyoming-Colorado 
line,  the  Sherman  peneplain  level  is  in  the  neighborhood  of  7,700 
feet  above  the  sea.  On  the  Livermore  (Colo.)  sheet  next  south 
the  plain  rises  from  about  7,006  near  the  sedimentary  hogbacks  to 
8,000  feet  at  the  west  margin  of  the  sheet.  On  the  Mt.  Olympus 
sheet  next  south  the  general  elevation  of  the  plain  is  not  very 
different,  but  on  the  Boulder  sheet  adjoining  Mt.  Olympus  on  the 
south  the  plain  rises  from  6,500  feet  elevation  near  the  dty  of 
Boulder  to  approximately  9,000  feet  at  the  west  margin  of  the  sheet 
near  the  mining  camp  of  Ward.  While  there  may  well  be  some 
minor  levels  included,  these  elevations  constitute  a  very  evident 
erosion  plain  which  slopes  toward  the  east.  The  slant  of  the 
plain  becomes  progressively  steeper  as  it  is  followed  southward  from 
Sherman,  Wyoming,  to  Boulder,  Colorado,  indicating  a  greater 
upwarp  of  the  range  in  the  latitude  of  Boulder. 

Davis  considered  this  old  erosion  plain  to  have  been  once 
continuous  with  the  so-called  summit  peneplain  whose  remnants 
are  today  seen  on  the  continental  divide  at  an  elevation  of  12,000 
feet.'  If  so,  it  would  mean  that  the  inclination  of  the  plain  becomes 
greater  as  it  nears  the  divide.  It  is  natural  enough  that  there 
should  have  been  sharper  tilting  along  the  axis  of  the  range.  In 
the  region  crossed  by  my  section,  however,  the  evidence  did  not 
seem  to  be  altogether  conclusive.  There  may  be  two  plains 
representing  different  cycles.  If  so,  this  would  suggest  some 
upwarping  between  and  would  have  a  bearing  upon  the  age  ot  the 
summit  peneplain.  But  if,  on  the  other  hand,  the  sununit  plain 
and  the  lower  plain  to  the  east  are  truly  parts  of  the  same  surface 
of  denudation,  the  rather  obvious  recency  of  the  latter  would  indi- 
cate that  the  summit  peneplain  is  of  late  Tertiary  age.  The  erosion 
plain  extending  from,  Allen's  Park  and  Ward  to  the  foothills  near 
Boulder  must  dearly  be  as  late  as  the  Pliocene. 

*  W.  M.  Davis,  op,  cU.,  p.  31  and  Fig.  B2,  pp.  76-77. 
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West  of  ttie  continental  divide  along  the  line  of  the  Grand 
River  section,  remnants  of  a  former  surface  of  little  relief  are 
observed  at  various  points.  In  Pliocene  times  this  region,  if  not 
brought  to  the  condition  of  a  true  peneplain,  was  at  least  greatly 
reduced  and  many  extensive  flattish  areas  developed.  Preserved 
portions  of  these  are  seen  today  on  the  western  uplands  of  the 
section  at  elevations  for  the  most  part  between  9,000  and  10,000 
feet.  The  Lyons-Grand  River  cross-section  given  later  in  this 
paper  seems,  however,  to  belie  this  statement,  but  that  is  because 
the  drawn  section  closely  follows  the  course  of  the  Grand  River 
and  only  in  a  few  places  does  it  rise  to  the  upland  peneplain 
level. 

Upbomng. — Since  the  formation  of  this  late  Tertiary  peneplain, 
it  has  been  bowed  upward  along  an  axis  which  corresponds  approxi- 
mately with  the  present  crest  of  the  Front  Range.  General 
uplift  involving  some  little  warp  also  affected  the  region  west  of 
the  Front  Range  and  accentuated  the  height  of  several  of  the  ranges. 
The  movement  in  the  Front  Range  was  a  gentle  tilting  in  the  lati- 
tude of  Long's  Peak,  though  in  the  foothills  it  may  have  been 
accompanied  by  normal  faulting.  Farther  south,  in  the  vicinity 
of  Castle  Rock  and  Colorado  Springs,  Richardson's  sections  of 
the  Front  Range  foothills  show  the  Dawson  arkose  of  the  early 
Eocene  to  be  steeply  inclined,  and  cut  by  a  set  of  normal  faults, 
which  are  there  an  important  part  of  the  foothill  structure.'  Finlay 
has  placed  this  period  of  disturbance  within  the  Pliocene  Period.* 

This  uplift  has  given  the  Front  Range  much  of  its  present 
elevation  above  the  Great  Plains  to  the  east.  Streams  rejuvenated 
by  the  uplift  have  since  carved  deep  canyons,  which  head  far  back 
in  the  high  level  plain.  Leading  back  from  the  plains  to  the  open 
uplands  of  Estes  Park  and  Allen's  Park,  where  roads  are  possible 
in  almost  any  direction,  are  the  wonderful  scenic  canyons  of  the 
Thompson  River  and  St.  Vrain  Creek,  which  are  young  in  the 
present  cycle  of  erosion.    On  the  west  side  of  the  continental 

» G.  B.  Richardson,  U.S.  Geol.  Survey,  Geol.  Atlas,  Castle  Rock  Folio,  No.  198 
(i9iS)»  pp.  lo-ii- 

»  George  I.  Finlay,  U.S.  Geol.  Survey,  Geol,  Adas,  Colorado  Springs  Folio,  No.  203 
(1916),  pp.  13-14. 
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divide  the  Grand  River  sweeps  swiftiy  through  the  beautiful 
Byers,  Gore,  and  Grand  River  canyons  on  its  way  westward, 
showing  that,  while  the  extent  of  the  uplift  varies  from  place  to 
place,  the  Rocky  Mountain  belt  in  this  latitude  was  bowed  up 
throughout  its  full  width.  These  are  among  the  finest  canyons 
in  Colorado  and  through  their  high,  rugged  walls  they  testify  to  the 


Fig.  3. — Rugged  mountains  sculptured  from  a  smooth-sloped  monadnock  rising 
above  the  peneplain  on  the  continental  divide.  Long's  Peak  (14,255  feet)  from 
Taylor  Peak  (13,150  feet).  Remnants  of  the  smooth  monadnock  surface  are  seen 
on  the  right-hand  side  of  the  photograph  in  McHenry's  Peak  and  Chief's  Head. 
This  surface  was  seemingly  once  continuous  with  the  flat  summit  of  Long's  Peak. 
Glaciers  stoping  backward  have  cut  profound  cirques  into  the  old  surface. 

extent  and  comparative  recency  of  the  uplift  which  has  renewed  the 
cutting  power  of  the  Grand  River.  Increased  erosion  on  the  softer 
sedimentary  strata  east  of  the  Front  Range  granite  area  has  lowered 
the  Great  Plains  immediately  adjacent  to  the  foothills,  thus  fiu-ther 
uncovering  and  sculpturing  into  hogbacks  the  more  resistant  beds 
of  the  steeply  upturned  sedimentary  series  of  the  foothill  belt. 
The  map  of  the  Livermore  Quadrangle  suggests  that  there  were 
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at  least  two  distinct  •stages  in  this  process.  Since  the  weaker 
strata  of  the  plains  reached  a  stage  of  advanced  old  age,  two 
episodes  of  erosion  have  left  their  impress  there,  according  to  the 
studies  of  Davis/ 

Quaternary  gladation  has  also  greatly  modified  the  details 
of  the  mountainous  belt.  By  the  cirquing  and  stoping  process, 
serrate  peaks  and  sharp  ridges  have  been  carved  and  sculptured 
out  of  the  rounded  monadnocks  and  remnants  of  the  summit 
peneplain  (Fig.  3).  Rounded  U-shaped  valleys  with  capacious 
drques  testify  to  the  potency  of  glacial  erosion  in  the  adjoining 
valle)^.  • 

>W.  M.  Davis,  op.  cU,,  p.  31.  See  also  N.  M.  Fenneman,  "Geology  of  the 
Boulder  District,  Colorado,"  «7.5.  Ged,  Survey,  Bull,  265  (1905),  Fig.  i  and  PI. 
IIIA, 

[To  he  continued] 
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ARCHEAN  SYSTEM 

The  geological  history  of  Georgia  begins  with  the  ancient  Crys- 
talline rocks,  the  greater  part  of  which  are  supposed  to  be  of  Archean 
age.  These  rocks  form  a  northeast-southwest  belt  about  125 
miles  wide  traversing  the  northern  part  of  the  state  and  are  a  part 
of  the  great  belt  of  andent  Crystallines  extending  from  north- 
eastern New  York  to  eastern  Alabama  (Fig.  i).  The  areal  extent 
in  Georgia  is  about  15,000  square  miles,  or  approximately  one-fourth 
of  the  state.  They  occupy  all  of  the  physiographic  division  known 
as  the  Piedmont  Plateau,  and  a  part  of  the  Appalachian  Mountain 
division.  To  the  northwest  they  are  limited  by  the  metamorphic 
Cambrian  rocks  and  to  the  south  by  the  Tertiary.  The  latter 
boundary  is  sharp  and  distinct,  while  the  former  is  ill-defined. 
These  rocks  are  here  described  under  the  following  names:  Caro- 
lina gneiss.  Roan  gneiss,  and  granites. 

The  Carolina  gneiss,  so  called  from  its  wide  distribution  in  the 
Carolinas,  where  it  has  been  studied  by  Keith  and  others,  is  the 
prevailing  rock  of  the  ancient  Crystallines  of  Georgia  (Fig.  2). 
Broadly  speaking,  the  formation  may  be  correlated  with  the  Balti- 
more gneisses  of  Maryland  and  the  Stanford  and  Fordham  gneisses 
of  New  York. 

The  most  abundant,  widespread,  and  typical  rocks  of  the  Caro- 
lina formation  are  schists,  largely  micaceous  and  garnetiferous, 
and  biotite  gneiss.  In  addition  there  occur  in  more  or  less  restricted 
areas  graphitic  schist,  quartzitic  schist,  and  schistose  conglomerate. 
The  most  persistent  character  of  these  rocks  is  the  schistose  and 
bended  structure  due  to  the  segregation  of  the  component  minerals 
along  definite  lines.  They  are  the  oldest  rocks  of  the  state  and  may 
be  considered  the  country  rock  into  which  the  Roan  gneiss  and 
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granites  have  been  intruded.  The  series  is  supposed  to  be  largely 
of  igneous  origin,  though  sediments  undoubtedly  occur  in  certain 
localities,  as  shown  by  the  graphitic  schist,  quartzitic  schist,  and 
schistose  conglomerate. 

The  Roan  gneiss  is  a  series  of  basic  igneous  rocks  including  horn- 
blende schist,  hornblende  gneiss,  and  schistose  diorite.  These 
rocks  occur  in  belts  varying  from  a  few  feet  to  hundreds  of  rods  in 
width  and  often  cut  the  Carolina  gneiss,  into  which  they  have  been 
intruded  at  rather  high  angles.  Less  abundant  and  only  locally 
developed  are  pyroxenites,  dunites,  and  serpentine  belonging  to 
the  same  series. 

The  granites  are  widely  distributed  and  in  places  cover  areas  of 
many  square  miles.  They  are  prevailingly  biotitic  and  generally 
show  gneissic  structure.  In  age  they  are  supposed  to  be  largely 
pre-Cambrian,  though  the  more  massive  varieties,  such  as  Stone 
Mountain  near  Atlanta,  are  probably  younger.  The  granites 
unquestionably  represent  two  or  more  periods  of  intrusion. 

CAMBRIAN   SYSTEM 
ALTERED  CAMBRIAN 

The  Cambrian  system  is  divided  into  the  altered  and  unaltered 
Cambrian.  The  altered  or  metamorphic  Cambrian  rocks,  so  far 
as  known,  are  mainly  confined  to  an  irregular  belt,  varying  in  width 
from  eight  to  twenty-five  miles,  in  the  northwestern  part  of  the 
state.  The  belt  lies  inmiediately  west  of  the  Archean  rocks  and 
embraces  in  its  northern  extension  a  greater  part  of  the  Appalachian 
Moimtain  physiographic  division  of  the  state.  These  rocks  belong 
to  the  Ocoee  group  of  Safford  and  were  long  regarded  as  of  Algon- 
kian  age.  However,  fossils  of  Lower  Cambrian  age  are  found  as 
far  down  as  the  middle  of  this  group  of  strata  in  Tennessee  and 
North  Carolina,  and  the  strata  below  the  fossil-bearing  beds  are 
conformable  and  not  materially  different  in  character.  In  addi- 
tion to  this  main  belt  there  is  a  narrow  belt  known  as  the  Brevard 
schist  entering  the  state  from  South  Carolina  northeast  of  Gaines- 
ville and  stopping  about  five  miles  west  of  Atlanta.  It  seems  quite 
probable  that  the  metamorphic  Cambrian  originally  overlay  the 
Crystallines  as  far  east  as  Atlanta  and  possibly  beyond. 
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This  group  of  altered  sediments  has  been  studied  in  detail  only 
in  one  section  of  the  state,  namely,  the  area  covered  by  the  Eilijay 
Folio.  In  that  locality  the  rocks  have  been  described  by  La  Forge 
and  Phalen  under  the  following  formation  names:  (i)  Great  Smoky 
formation,  (2)  Nantahala  slate,  (3)  Tusquitee  quartzite,  (4)  Brass- 
town  schist,  (s)  Valleytown  formation,  (6)  Murphy  marble,  (7) 
Andrews  schist,  and  (8)  Nottely  quartzite. 

The  Gre<U  Smoky  formation,  in  the  Eilijay  quadrangle  along  its- 
eastern  margin,  lies  upon  the  Carolina  gneiss,  although  the  imme- 
diate contact  is  difficult  to  define,  as  in  that  section  the  latter  is 
made  up  largely  of  graywacke  and  conglomerate,  which  are  very 
similar  in  lithological  character  to  the  base  of  the  Great  Smoky. 
The  formation  consists  of  a  great  thickness  of  conglomerate,  gray- 
wacke, sandstone,  quartzite,  slate,  mica  schist,  garnet  schist,  and 
staurolite  schist.  The  conglomeratic  phase  is  best  developed  to 
the  east  and  north,  while  to  the  west  and  south  the  mica  schist, 
quartzite  schist,  and  slates  prevail.  The  Great  Smoky  formation 
is  a  part  of  Safford's  Ocoee  series  and  has  been  provisionally  corre- 
lated with  the  Cochran  and  the  Thunderhead  conglomerates  of 
Tennessee  and  North  Carolina.  West  of  the  Eilijay  quadrangle  and 
below  the  Great  Smoky  formation  occur  considerable  areas  of  the 
Wilhite  slate  and  the  Gilmer  formation,  but  their  detailed  struc- 
ture and  relations  have  not  yet  been  worked  out. 

The  Nantahala  slate,  near  the  Georgia-North  Carolina  line, 
includes  principally  blackish  and  dark-gray  slates,  though  white 
quartzite  and  staurolitic  schist  are  also  more  or  less  plentiful. 
Farther  south  in  the  vicinity  of  Eilijay  and  beyond,  the  formation  is 
mainly  graphitic  schist  with  but  few  siliceojas  beds.  Its  distribu- 
tion is  confined  to  the  eastern  margin  of  the  metamorphic  area, 
where  it  forms  narrow  belts  rarely  over  a  mile  in  width. 

The  Tusquitee  quartzite,  which  is  apparently  confined  to  the 
Eilijay  quadrangle,  consists  almost  entirely  of  white  quartzite 
with  an  occasional  bed  of  conglomerate.  Owing  to  the  persistent 
character  of  the  formation  and  its  difference  in  color  from  the 
associated  rock,  it  is  an  excellent  guide  in  working  out  the  strati- 
graphy of  the  region,  which  is  much  complicated  by  numerous 
faults  and  folds. 
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The  BrassUrwn  schist,  where  not  displaced  by  faulting,  has  a 
similar  distribution  to  the  Tusquitee  quartzite,  though  it  does  not 
extend  so  far  south  as  the  latter.  It  is  made  up  of  banded  slate 
and  ottrelite  schist  having  usually  a  dark,  bluish  color.  Owing  to 
its  limited  distribution  it  is  only  of  minor  stratigraphic  importance. 

The  VaUeytown  formation  consists  of  biotite  schists,  seriate 
schist,  and  mica  gneiss,  with  a  few  beds  of  quartzite  and  con- 
•glomerate.  In  the  Ellijay  quadrangle  south  of  Cherrylog  it  is 
described  as  a  nearly  homogeneous  mass  of  sericite,  mica  schist, 
and  siliceous  slate,  with  some  talcose  material.  The  occurrence 
of  graphitic  schist  beds  are  noted  in  the  formation  between  Toccoa 
River  and  Ellijay.  The  formation  is  usually  valley-forming, 
though  north  of  Blue  Ridge,  extending  to  the  state  line,  it  forms  a 
rather  prominent  ridge,  as  well  as  the  narrow  valleys  on  either  side. 

The  Murphy  marble,  from  an  economic  standpoint,  is  the  most 
important  of  the  metamorphic  group  of  rocks  in  the  state.  It  con- 
sists of  holocrystalline  limestone  which  in  places  becomes  magnesian. 
The  magnesian  phase  of  the  formation  is  commonly  fine-grained, 
while  the  high-calciiun  phase  is  coarse-grained.  It  is  usually 
white  but  in  places  is  more  or  less  banded  or  mottled  with  black 
owing  to  the  presence  of  graphite.  The  formation  enters  the  state 
from  North  Carolina  in  the  vicinity  of  Culberson,  from  which  point 
it  continues  southwest  in  one  or  more  narrow  belts,  with  a  few 
interruptions  due  to  faulting,  to  a  point  a  few  miles  beyond  Tate, 
Pickens  Coimty,  the  seat  of  Georgia's  great  marble  industry. 
Marble  very  similar  in  texture  and  composition  occurs  many  miles 
farther  to  the  southwest  in  Haralson  County,  near  Buchanan, 
which  is  supposed  to, be  the  southern  extension  of  the  Murphy 
marble.  The  formation  is  probably  the  equivalent  of  the  Shady 
limestone,  an  unaltered  magnesian  limestone  hereafter  to  be 
described. 

The  Andrews  schist  is  a  comparatively  thin,  imimportant  cal- 
careous schist  overlying  the  Murphy  marble  near  the  Georgia- 
North  Carolina  line,  and  hke  the  overlying  Nottely  quartzite  is 
of  very  limited  extent.  It  is  made  up  almost  entirely  of  dense 
quartzite  which  is  highly  resistant  to  weathering  and  is  therefore 
ridge-forming. 
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T7NALTERED  CAMBRIAN 

The  Unaltered  Cambrian  rocks  occupy  the  northwestern  part 
of  the  state  and  are  divided  into  the  Lower,  the  Middle,  and  the 
Upper  divisions,  the  first  named  being  subdivided  into  the  Weisner 
quartzite,  Shady  limestone,  Cartersville  formation,  Apison  shale, 
and  Rome  formation  (Fig.  3). 

The  Weisner  quartzite^  which  is  the  southern  extension  of  a  part 
of  the  Chilhowee  sandstone  of  Tennessee,  forms  a  prominent  series 
of  ridges  and  hills  along  the  eastern  margin  of  the  Appalachian 
Valley  as  far  south  as  Cartersville  and  a  few  miles  beyond.  At  this 
point  it  is  cut  out  by  the  Cartersville  fault,  but  farther  to  the  south- 
west it  again  appears  in  a  small  area  near  Esom  Hill,  where  it 
forms  the  northern  extension  of  a  large  area  just  across  the  state  line 
in  Alabama.  The  lithological  character  of  the  Weisner  quartzite 
as  described  by  Hayes  is  fine-grained  and  vitreous,  though  the 
formation  also  contains  some  beds  of  fine  conglomerate  and  consider- 
able siliceous  shale.  A  few  imperfectly  preserved  fossil  remains, 
including  brachiopods,  corals,  and  worm  tubes,  all  supposed  to  be 
Lower  Cambrian,  have  been  found  in  the  formation  in  the  vicinity 
of  Cartersville  and  Emerson. 

The  Shady  limestone  lies  immediately  above  the  Weisner  quartz- 
ite, and  it  has  a  like  distribution.  The  formation  consists  chiefly 
of  gray  magnesian  limestone  usually  massive  but  in  places  shaly 
and  siliceous.  It  is  of  very  great  economic  importance,  as  asso- 
ciated with  its  weathered  product,  occur  more  or  less  extensive 
dep>osits  of  barytes,  iron  ore,  and  manganese  ore.  Fossils  are 
almost  entirely  absent,  though  in  the  vicinity  of  Cartersville  a 
fossil  sponge,  a  lower  Cambrian  form,  has  been  found. 

The  Cartersville  formation,  as  recently  defined  by  Shearer,  is 
known  only  in  the  Cartersville  district.  It  is  supposed  to  occupy 
the  same  position  in  the  stratigraphic  colimm  as  the  Watauga 
shale  of  Tennessee  and  the  Apison  shales  of  Tennessee  and  Georgia. 
The  formation  has  a  limited  distribution,  being  confined  to  one 
main  belt  less  than  twenty  miles  long.  It  consists  mainly  of  highly 
aluminous  shales,  which  are  remarkable  for  their  high  potash 
contents,'  often  as  much  as  10  per  cent  KjO.  Associated  with  the 
shales,  which  are  chiefly  of  a  gray  or  purplish  color,  there  are  often 
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found  thin  layers  of  feldspathic  sandstone  and  quartzite,  but  these 
form  only  a  minor  part  of  the  formation  as  a  whole. 

The  Apison  shale  consists  of  varicolored  argillaceous  shales 
developed  only  in  limited,  elongated  areas  in  Whitfield  and  Catoosa 
counties.  Although  the  Apison  is  evidently  approximately  equiva- 
lent to  the  Cartersville  formation  in  age,  the  exposures  are  in  the 
western  part  of  the  valley. 

The  Rome  formation  consists  of  sandstone  and  shale  and  is  con- 
fined to  two  belts  near  the  center  of  the  Appalachian  Valley.  The 
main  belt,  which  is  rarely  more  than  two  miles  wide,  extends  from 
near  Cave  Spring,  Floyd  County,  northeast  through  Rome  to  a 
point  within  about  three  miles  northwest  of  Calhoun  in  Gordon 
County.  The  other  belt  commences  near  Villanow  in  Walker 
County  and  continues  to  the  Georgia-Tennessee  line  a  few  miles 
northeast  of  Ringgold.  A  third  belt  which  Hayes  placed  in  this 
formation  on  the  basis  of  stratigraphic  position  is  above  described 
as  the  Cartersville  formation.  Immediately  overlying  the  Rome 
formation  and  apparently  without  any  stratigraphic  break  are  the 
only  representatives  of  Upper  Cambrian,  namely  the  Conasauga 
formation  and  the  lower  division  of  the  Knox  dolomite  for- 
mation. 

The  Conasauga  formation^  with  the  exception  of  the  Knox 
dolomite,  covers  the  largest  surface  area  of  any  of  the  Cambrian 
series  of  Georgia.  It  is  especially  well  developed  along  the  eastern 
side  of  the  Appalachian  Valley,  where  it  occurs  in  two  main  elon- 
gated but  broad  belts.  The  easternmost  of  these  belts  continues 
south  from  the  Georgia-Tennessee  line  from  Tennga  to  a  point  a 
few  miles  south  of  Cartersville,  where  it  is  cut  ofif  by  the  Carters- 
ville fault,  while  the  other  belt,  after  being  divided  into  minor 
belts  and  at  points  uniting  with  the  easternmost  belt,  continues 
to  the  Alabama  state  line  by  way  of  Rome.  Farther  to  the  west 
are  three  narrow  belts,  one  of  which,  l3dng  to  the  west,  traverses  the 
entire  northwestern  corner  of  the  state  by  way  of  Lafayette.  The 
upper  part  of  the  formation  is  made  up  largely  of  olive-green  and 
yellowish-green  argillaceous  shale,  but  the  lower  part  consists 
mainly  of  grayish  and  bluish  limestones  locally  oolitic  and  inter- 
stratified  with  the  shale.    The  Conasauga  formation  contains  an 
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abundant  Cambrian  fauna  which  has  been  studied  by  Professor 
C.  D.  Walcott. 

The  Knox  dolomite  is  divided  by  an  unconf  orawty  into  a  lower 
and  upper  division.  The  upper  division  on  paleontological  evi- 
dence has  been  referred  to  the  Ordovician  system  and  the  lower  to 
the  Cambrian.  The  formation  as  a  whole  consists  of  a  great  thick- 
ness of  magnesian  limestones  with  much  chert  in  places.  It  occurs 
in  a  large  number  of  broad  and  narrow  belts  traversing  the  Appa- 
lachian Valley. 

ORDOVICIAN  SYSTEM 

The  Ckickamauga  formation  represents  both  the  Middle  and 
the  Upper  group  of  the  Ordovician  sjrstem.  It  consists  of  sedi- 
ments laid  down  in  two  separate  basins.  The  rocks  in  the  western 
part  of  the  valley  consist  of  interbedded  limestones  and  shales 
outcropping  in  a  number  of  long,  narrow  belts,  while  in  the  eastern 
part  of  the  valley  the  formation  is  divided  into  the  Chickamauga 
limestone  and  the  Rockmart  slate.  The  latter  consists  chiefly  of 
dark-colored  slates,  with  a  few  thin  beds  of  sandstone  and  some 
limestone  usually  high  in  calcium. 

SILURIAN   SYSTEM 

The  Rockwood  formation,  which  unconformably  overlies  the 
Chickamauga  formation,  is  the  only  representative  of  the  Silurian 
system.  It  consists  of  olive-green  shales  and  thin-bedded  sand- 
stone, with  one  or  more  beds  of  fossiliferous  iron  ores.  It  occurs 
only  in  the  western  part  of  the  Appalachian  Valley,  where  it  forms 
narrow  belts  at  the  base  of  the  higher  ridges  and  moimtains  capped 
with  Carboniferous  rock. 

DEVONIAN   SYSTEM 

The  Chattanooga  black  shale  and  the  Armuchee  chert  are  the 
only  representatives  of  the  Devonian  system  in  Georgia.  These 
two  formations  are  separated  from  each  other  by  an  unconformity 
and  are  supposed  to  represent  the  Upper  and  Lower  Devonian 
respectively,  the  middle  part  of  the  system  being  absent.  The 
black  shale,  which  attains  a  thickness  of  not  more  than  twenty 
feet,  is  confined  to  the  western  part  of  the  valley,  where  it  occurs 
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in  narrow  outcrops  with  a  linear  distribution  coextensive  with  the 
Rockwood  formation.  The  Armuchee  chert,  which  consists  of 
bedded  chert  and  thin  beds  of  reddish-brown  sandstone,  is  confined 
to  a  few  small  areas  north  of  Rome. 

CARBONIFEROUS   SYSTEM 

The  Fort  Wayne  chert  is  the  lowest  member  of  the  Mississippian 
group  of  the  Carboniferous  system  and  unconformably  overlies 
the  Chattanooga  black  shale.  It  consists  essentially  of  siliceous 
limestone,  with  layers  and  nodules  of  chert  made  up  in  places  largely 
of  crinoid  stems.  The  formation  in  the  western  part  of  the  Appa- 
lachian Valley  occupies  narrow  belts,  while  north  of  Rome  it  covers 
large,  irregular  areas. 

The  Floyd  shale  and  the  Bangor  limestone^  which  also  belong 
to  the  Mississippian  group  are  probably  stratigraphically  equiva- 
lent, though  one  is  largely  shale  and  the  other  limestone.  The 
former  is  best  developed  along  the  narrow  valleys  at  the  base  of 
Lookout  and  Sand  mountains,  while  the  other  occurs  in  numerous 
narrow  belts  in  Floyd  County  and  the  adjacent  counties  both  north 
and  east  of  Rome. 

The  Pennington  shale  unconformably  overlies  the  Bangor 
limestone  and  forms  the  uppermost  series  of  the  Mississippian 
group.  It  consists  largely  of  shale,  with  sandstone  in  the  upper 
portion.  Its  linear  distribution  is  coextensive  with  the  Bangor 
limestone. 

The  Lookout  formation  and  the  Walden  sandstone  are  both  mem- 
bers of  the  Pennsylvanian  group.  They  are  best  developed  in 
Lookout  and  Sand  mountains,  which  constitute  what  is  known  as 
the  Cimiberland  Plateau  physiographic  division  of  the  state.  They 
consist  of  sandstones,  conglomerates,  shales,  and  a  number  of  com- 
mercial coal  seams. 

CRETACEOUS  SYSTEM 

The  Cretaceous  system,  which  rests  unconformably  on  the  old 
crystalline  rocks,  is  confined  to  a  narrow,  irregular  belt  traversing 
the  middle  portion  of  the  state  in  a  southwest  direction  from 
Augusta  to  Columbus  by  Milledgeville  and  Macon.  The  total 
area  covered  by  this  system  of  rocks  is  approximately  250  square 
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miles.  It  is  divided  into  an  upper  and  a  lower  series,  the  latter 
being  further  divided  into  two  formations,  namely  the  Ripley  and 
the  Eutaw  (Fig.  4). 

The  Lower  Cretaceous,  so  far  undiflFerentiated,  lies  immediately 
upon  the  crystalline  rocks  below  and  is  unconformably  overlain 
by  the  Eutaw.  The  basal  unconformity  represents  an  enormous 
time  interval,  including  all  Paleozoic  time  and  the  Triassic'  and 
Jurassic  periods  of  the  Mesozoic  time.  The  formation  is  made  up 
predominantly  of  coarse-grained  cross-bedded,  arkosic  sand,  with 
a  subordinate  amoimt  of  white  clays  in  the  form  of  lenses.  It  forms 
an  irregular  belt  varying  from  two  to  ten  miles  in  width  and  extend- 
ing entirely  across  the  state. 

The  Eutaw  and  Ripley  formations ,  each  divided  into  two  or  more 
members,  occupy  an  elongated  area  immediately  south  of  the 
Lower  Cretaceous  between  the  Ocmulgee  and  Chattahoochee 
rivers.  Both  formations  are  of  marine  origin  and  consist  mainly 
of  calcareous,  micaceous  sand  and  dark-gray  sandy  clay,  with  some 
thin-bedded  impure  limestone.  The  upper  member  of  the  Ripley 
formation  is  unconformably  overlain  by  the  Midway  formation, 
the  basal  member  of  the  Eocene  series. 

TERTIARY  SYSTEM 

The  Tertiary  system  of  rocks  has  a  far  greater  areal  extent 
than  any  other  system  in  the  state.  With  the  exception  of  a 
narrow  belt  of  Quaternary  along  the  Atlantic  seaboard  and  narrow 
irregular  belts  of  Cretaceous  immediately  south  of  the  ancient 
Crystallines,  it  covers  the  entire  Coastal  Plain  which  comprises 
more  than  one-half  the  area  of  the  state.  The  system  is  repre- 
sented by  the  following  series:  the  Eocene,  the  Oligocene,  the 
Miocene,  and  the  Pliocene.  The  first  named  is  divided  into  five 
formations,  the  Midway,  the  Wilcox,  the  McBean,  the  Ocala,  and 
the  Keg  Creek.  The  Keg  Creek  and  the  Ocala  limestone  forma- 
tions both  belong  to  the  Jackson  group,  while  the  McBean  formation 
belongs  to  Claiborne  group. 

'  The  Triassic  rocks  in  Georgia  are  represented  by  diabase  dikes  which  are  widely 
distributed  over  the  Piedmont  Plateau. 
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EOCENE  SERIES 

The  Midway  formation^  which  forms  the  base  of  the  Eocene 
series,  lies  unconf  ormably  upon  the  upper  member  of  the  Cretaceous 
and  is  imconformably  overlain  by  the  WilcoK.  It  consists  of  sand, 
clay,  and  marl,  and  forms  a  narrow  northeast-southwest  belt 
extending  from  Fort  Gaines  on  Chattahoochee  River  to  a  point  a 
short  distance  east  of  Flint  River  in  Houston  Coimty.  At  no 
place  does  it  exceed  twelve  miles  in  width. 

The  Wilcox  formation  has  a  distribution  similar  to  the  Midway, 
though  it  probably  does  not  extend  beyond  Flint  River.  It  is 
made  up  mainly  of  sandy,  glauconitic  shell  marl  and  laminated, 
sandy,  dark-colored  lignitic  clay.  Near  Flint  River  pure  beds  of 
white  clay  occur,  with  red  and  varicolored  sand. 

The  McBean  formation  forms  an  extremely  irregular  belt  which 
varies  from  two  to  thirty  miles  or  more  in  width  and  extends  entirely 
across  the  state.  East  of  Ocmulgee  River  it  rests  unconformably 
on  the  strata  of  Lower  Cretaceous  age,  while  between  ;Flint  and 
Chattahoochee  rivers  it  rests  unconformably  upon  the  Wilcox 
formation.  It  consists  of  shell  marl,  sandy  limestone,  glauconitic, 
calcareous  sands,  and  clays  in  the  form  of  fuller's  earth. 

The  Ocala  limestone,  which  is  best  developed  between  Ocmulgee 
and  Chattahoochee  rivers,  is  the  main  representative  of  the  Jackson 
group  in  Greorgia.  Its  eastern  boundary  lies  usually  a  few  miles 
west  of  Flint  River,  whence  it  extends  south  and  west  as  a  broad 
belt  to  the  Georgia-Alabama-Florida  state  line,  with  an  average 
width  of  more  than  thirty-five  miles.  The  formation,  as  the 
name  suggests,  is  made  up  of  limestone  with  more  or  less  chert  in 
places. 

OUGOCENE  SERIES 

The  Oligocene  series  is  represented  by  the  Vicksburg,  the  Chatta- 
hoochee, and  the  Alum  Bluff  formations,  subdivisions  of  the 
Appalachicola  group.  The  three  formations  are  confined  largely 
to  the  .southern  part  of  the  Coastal  Plain  neaY  the  Georgia-Florida 
state  line  and  to  irregular  areas  southeast  and  southwest  of  Macon. 
The  Vicksburg  and  the  Chattahoochee  formations,  which  are 
separated  by  an  unconformity,  consist  largely  of  limestone,  while 
the  Alum  Bluff  formation  is  made  up  mainly  of  sands  and  clays. 
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MIOCENE  SE&IES 

The  Marks  Head  Marl  and  the  Duplin  marl  are  the  only  forma- 
tions belonging  to  the  Miocene  series.  These  two  formations,  which 
are  best  developed  at  Porters  Landing  on  Savannah  River,  consist 
mainly  of  marls,  sands,  and  clays.  The  Marks  Head  marl  uncon- 
formably  overlies  the  Alum  Bluff  formation. 

PUOCENE  SERIES 

The  Charlton  formation,  which  is  supposed  to  belong  to  the 
Pliocene  series,  occurs  along  St.  Marys  and  Satilla  rivers  in  the 
extreme  southern  part, of  the  state.  The  formation  consists  mainly 
of  shell  marls. 

The  Altamaha  {Lafayette  f)  formation,  not  shown  in  the  colmnnar 
section,  has  the  greatest  areal  extent  of  any  formation  in  the 
Coastal  Plain,  covering  approximately  21,000  square  miles.  Like 
the  underlying  Charlton  formation,  it  is  supposed  to  be  Pliocene. 
The  formation  has  a  maximum  thickness  of  less  than  three  hundred 
feet  and  consists  chiefly  of  sand,  gravel,  and  clay,  which  in  places 
become  indurated.  With  the  exception  of  a  few  fragments  of  wood 
it  is  entirely  free  from  organic  remains. 

QUATERNARY  SYSTEM 
PLEISTOCENE  SERIES 

The  Pleistocene  is  represented  by  the  Okefenokee  and  the 
Satilla  formations,  divisions  of  the  Columbia  group.  These  forma- 
tions form  a  belt  along  the  Atlantic  Coast,  with  a  width  from  twenty 
to  fifty  miles.  The  Okefenokee  consists  chiefly  of  gray  sand,  and 
the  Satilla  is  made  up  of  greenish  and  bluish  marine  cla)^  and  gray 
and  yellow  sands. 
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PART  II 
DETAILED  AREAL  DESCRIPTIONS 

In  the  following  descriptions  the  structures  of  the  separate  areas 
studied  will  be  briefly  stated,  with  the  conclusions  as  to  succession 
which  were  made  in  each  area.  Fig.  3  shows  the  relative  positions 
of  the  areas  described.  In  the  Opawika,  Father's  Lake,  Windy 
Lake,  and  Eau  Jaune-Obatogamau  areas,  where  the  rocks  are 
largely  of  the  basal  lava  series,  or  Abitibi  volcanics,  the  determina- 
tions of  the  structure  were  in  each  case  the  result  of  a  large  number 
of  observations,  using  the  methods  described,  on  the  attitude  of 
the  lava  flows  over  as  wide  an  area  as  the  nature  of  the  work  per- 
mitted. The  results  of  each  determination  by  any  one  of  the 
methods  described  were  checked  whenever  possible  by  the  applica- 
tion of  one  or  more  of  the  other  criteria  as  well.  No  other  strati- 
graphic  methods  were  applied  or,  in  fact,  were  applicable.  For  the 
sake  of  brevity,  therefore,  the  methods  of  determination  of  the 
structure  in  the  separate  instances  will  not  be  stated,  as  this  would 
only  involve  tmnecessary  repetition. 

The  Opawika  area. — The  Opawika  area  (Fig.4)  borders  the  Opa- 
wika  River  near  its  junction  with  the  Waswanipi  River.  It  includes 
the  northern  portion  of  Tush  Lake,  Opawika  Lake,  and  the  Opawika 
River  from  Opawika  Lake  down  to  Sturgeon  fall.  The  rocks  are 
a  series  of  closely  folded  lavas  and  tuffs  and  are  unusually  well 
exposed.  The  axes  of  the  folds  strike  N.  75**  E.,  but  their  plunge 
was  not  determined.  The  approximate  position  of  these  axes  is 
shown  on  the  map.  The  southernmost  fold,  on  Tush  Lake, 
is  an  anticline,  the  southern  limb  of  which  is  cut  off  by  granite. 
The  axis  of  the  sjoicline  to  the  north  follows  approximately  the 
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south  shore  of  Opawika  Lake.    The  west  end  of  the  lake  breaks 
across  into  the  next  anticline  to  the  north. 

The  rocks  in  the  southern  anticline  are  andesites,  fairly  massive 
and  without  pillow  structures.  Dips  vary  from  65°  to  90**.  On  the 
north  side  of  this  anticline,  in  the  long  east  bay  of  Tush  Lake,  coarse 


Fig.  3. — Key  map  of  the  part  of  northern  Quebec  dealt  with  in  this  paper,  and 
the  positions  of  the  small  areas  particularly  described. 

andesitic  tuffs  lie  conformably  on  the  andesites.    They  are  not 
bedded. 

Along  the  axis  of  the  syncline,  on  the  south  shore  of  the  western 
end  of  Opawika  Lake,  a  flow  of  highly  acid  quartz  porphyry,  a 
translucent,  greenish-white  rock,  conformably  overlies  the  andesite. 
In  the  anticline  to  the  north,  lavas  of  acidity  intermediate  between 
the  quartz  porphyry  and  the  andesite  outcrop  until  the  normal 
andesite  is  again  reached.  The  latter  continues  to  outcrop  as  far 
as  Sturgeon  fall. 
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The  succession  in  this  area  is: 

Rhyolite  porphyry  lavas 

Intermediate  lavas 

Andesites  and  andesite  tuffs  at  or  near  the  top  of  the  flows 


Fig.  4. — The  Opawika  area 

It  seems  possible  that  the  structure  of  this  whole  belt  is  that  of 
a  synclinorium,  as  the  uppermost  beds  are  found  only  near  the 
the  median  line  of  the  belt.  However,  this  distribution  may  equally 
well  be  due  to  irregularity  of  original  deposition,  more  especially  as 
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the  rhyolite  lava  was  probably  viscous  and  did  not  spread  out  far 
from  its  vent. 

Father^ s  Lake  area. — The  structure  of  this  small  area  appears  to 
be  that  of  a  s}aiclinal  drag  fold,  although  the  lack  of  outcrops  on  the 
northwest  side  of  the  lake  makes  its  complete  determination  uncer- 
tain (Fig.  5).    The  flows  around  the  southern  border  of  the  area 
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FiG.  5.— The  Father's  LAke  area 

are  basaltic  in  composition  and  quite  thin,  some  of  them  less  than 
ten -feet  in  thickness.  Above  them  lie  one  or  two  flows  of  por- 
phyritic  basalt,  characterized  by  feldspar  phenocrysts  up  to  one-half 
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inch  in  diameter.  Beds  of  basic  sediments  overlie  conformably 
the  porphyritic  basalts  and  in  one  place  are  interbedded  with  them. 
The  beds  approximate  one  inch  in  thickness,  and  the  thickness 
remains  uniform  over  the  outcrops,  which  in  some  cases  were 
exposed  two  hundred  feet  or  more  along  the  strike.  The  sediments 
are  of  tuffaceous  composition  and  vary  from  grayish  or  reddish 
cherty  rock,  which  may  be  in  part  a  deposit  from  silica-bearing  solu- 
tions accompanying  the  lava  flows,  to  black  homblendic  material 
probably  recrystallized  volcanic  dust.  In  places  they  are  filled 
with  lenses  of  gabbroid  material  averaging  about  four  inches  in 
length  by  one-quarter  inch  in  width. 

North  of  the  mouth  of  the  east  bay  into  which  the  Eagle  River 
empties,  outcrops  of  andesite  occur,  with  a  northeast  strike  and  a 
dip  to  the  northwest.  The  strike  swings  gradually  to  the  north, 
then  to  the  east  at  the  mouth  of  the  Opawika  River,  where  they  are 
overlain  by  rhyolite.  It  is  doubtful  what  relation  the  andesites 
bear  to  the  basalts  and  sediments.  The  mapping  as  it  stands  leads 
to  the  inference  that  faulting  of  some  magnitude  has  taken  place 
along  the  east  bay  into  which  Eagle  River  empties,  but  it  is  impos- 
sible to  prove  this,  as  the  rocks  here  are  all  heavily  drift  covered. 
The  map,  however,  is  a  rather  inferior  grade  of  track  survey,  and 
the  impression  gained  in  the  field  by  assuming  a  projection  along 
the  strike  was  that  the  andesites  overlie  the  basalts  and  part  of  the 
sediments  and  underlie  the  remainder  of  the  sediments. 

It  may  be  observed  that  the  basaltic  flows  in  this  area  have  no 
ellipsoidal  textures,  while  the  andesites  are  ellipsoidal.  The  sig- 
nificance of  the  fact  will  be  discussed  in  a  subsequent  section.  The 
succession  in  the  Father's  Lake  area  is 

Rhyolite  Tuffaceous  sediments 

Andesite  Porphyritic  basalts 

Basalts 

Windy  Lake-Nemenjish  area, — The  structure  of  the  Windy 
Lake-Nemenjish  (Fig.  6)  area  is  monoclinal,  so  far  as  known,  with 
a  general  east-west  strike  and  a  southward  dip.  Thb  structure  has 
been  attained  by  strike  faulting,  with  consequent  repetition  of  out- 
crops. One  large  fault,  whose  south  side  was  upthrown,  was 
observed  on  Windy  Lake,  and  possibly  others  occur  to  the  south 
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on  Kaopatina  Lake  where  most  of  the  outcrops  are  hidden  by  a 
heavy  cover  of  drift.  The  plunge  of  the  folding  appears  to  have 
been  to  the  east,  for  near  the  west  end  of  the  area  the  strikes  assume 
more  of  a  north-south  trend,  which  may  indicate  the  presence  of 
the  axis  of  a  cross-fold  near-by,  though  it  may  be  due  merely  to  the 
subsequent  disturbing  influence  of  the  granite  intrusion  to  the  west. 

The  basal  rocks  of  the  series,  foimd  on  the  river  above  Bras 
Coupe  Lake,  are  very  basic  basalts,  one  flow  of  which  is  imiisually 
fresh  and  glassy.  These,  like  the  basal  flows  on  Father's  Lake, 
possess  no  ellipsoidal  structures.  They  are  overlain  to  the  south, 
as  far  as  the  outlet  of  Windy  Lake,  by  andesites  characterized  by 
good  pillow  structures.  A  thin  body  of  somewhat  more  acid  lava 
lies  above  the  andesites,  and  on  this  is  foimd  a  bed  of  coarsely  frag- 
mental  rhyolite,  approximately  2,000  feet  thick.  Its  composition 
is  identical  with  that  of  the  massive  rhyolite  porphyry  on  Opawika 
Lake.  This  fragmental  rock  shows  no  trace  of  bedding,  as  would 
a  water-laid  sediment,  although  we  may  conclude  from  the  evidence 
of  the  pillow  structure  in  the  imderlying  andesites  that  the  sea  or 
a  lake  existed  here  at  the  time.  It  seems  necessary  to  conclude 
therefore  that  the  rock  was  not  ejected  as  a  tuff,  but  as  a  lava,  and 
that  its  present  fragmental  condition  is  due  to  subaqueous  extru- 
sion, and  hence  corresponds  to  the  pillow  structure  in  the  more  basic 
lavas.  Corroborative  of  this  conclusion,  rhyolite  porphyry  in  the 
same  fragmental  condition  was  also  foimd  on  Obatogamau  Lake, 
where  it  rests  directly  on  well-bedded  tuffs,  thus  again  indicating 
its  subaqueous  extrusion. 

The  southern  boimdary  of  the  fragmental  rhyolite  is  a  fault,  to 
the  south  of  which  the  ellipsoidal  andesites  again  outcrop. 

Between  the  south  shore  of  Windy  Lake  and  the  south  shore  of 
Kaopatina  Lake  the  structure  is  unknown,  as  outcrops  are  not 
numerous  or  large  enough  for  its  determination,  although  there  are 
sufficient  to  indicate  that  the  formation  is  continuous  across  the 
gap.  However,  since  the  outcrops  on  the  south  side  of  Kaopatina 
Lake  are  of  the  basalts  of  the  series,  which  elsewhere  always  occupy 
a  basal  position,  and  since  they  still  maintain  an  east-west  strike 
and  a  dip  to  the  south,  the  intervening  drift-covered  gap  must  be 
supposed  to  be  underlain  by  the  south  limb  of  a  sjoicline  whose 


Digitized  by 


Google 


STRUCTURAL  FEATURES  OF  THE  PRE-CAMBRIAN       187 

north  limb  is  found  on  Windy  Lake,  and  by  the  crest  of  the  next 
anticline;  or  else  it  must  be  assumed  that  another  strike  fault  again 
upthrows  the  lower  beds  on  the  south. 

The  determination  of  the  attitude  of  the  beds  on  the  south  side 
of  Kaopatina  Lake,  the  correctness  of  which  is  a  matter  of  great 
importance,  was  made  with  the  greatest  care  in  three  diflFerent 
places,  in  each  case  by  tracing  a  flow  from  its  coarse-grained  base 
up  to  its  fine-grained  top,  where  it  was  found  in  contact  with  the 
coarse-grained  base  of  another  flow.  Lying  above  these  basalts, 
and  conformable  on  them,  is  a  thick  series  of  thin-bedded  tuflfs, 
interbedded  with  which,  and  rather  high  up  in  the  series,  is  a  thin 
flow  of  rhyolite  porphyry.  This  flow  is  of  small  areal  extent  and 
appears  only  in  the  west  end  of  the  lake. 

On  the  Opawika  River  above  Kaopatina  Lake  the  same  relations 
were  observed.  Rather  thick  flows  of  basalt  with  a  strike  of  N.  80® 
E.  and  a  dip  of  80**  south  are  here  conformably  overlain  by  thin- 
bedded,  rather  basic  tuffs.  The  plane  of  contact  is  occupied  by  a 
dyke  of  granite,  which  appears  to  be  an  offshoot-  of  a  larger  mass 
to  the  east,  as  the  dyke  was  not  observed  along  the  contact  farther 
to  the  west,  and  where  observed  widens  rapidly  toward  the  east. 
The  strike  and  dip  of  the  tuffs  is  identical  with  that  of  the  under- 
lying basalt.  About  thirty  feet  above  the  contact  a  basalt  flow 
about  four  feet  in  thickness  is  interbedded  with  the  tuffs. 

Passing  higher  into  the  tuffs  toward  the  south,  it  was  observed 
that  the  beds  of  tuff  begin  to  be  mingled  with  beds  of  metamor- 
phosed clastic  sediment.  The  latter  become  more  numerous  and 
finally  replace  the  tuffaceous  beds  completely.  At  the  same  time 
the  thickness  of  the  separate  beds  increases  until  on  the  south  side 
of  Lake  Shishib  the  beds  are  so  heavy  and  massive  that  a  bedding 
plane  can  rarely  be  observed. 

The  thick-bedded  rocks  on  Lake  Shishib  are  gametiferous  mica 
gneisses,  probably  recrystallized  impure  sandstones,  or  sandy  shales. 
They  continue  to  outcrop  at  intervals  up  the  Opawika  River  to 
Dinachagama  Lake,  where  they  begin  to  be  intruded  by  granite 
masses.  They  were  traced  across  the  Height  of  Land  into  Lake 
Nemenjish,  on  the  north  shore  of  which  the  sediments  are  well 
exposed  and  comparatively  undisturbed  by  granite  intrusion.    Here 
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the  mica  gneiss  is  interbedded  with  gametiferous  mica  gneiss,  horn- 
blende gneiss,  or  amphibolite,  gametiferous  hornblende  gneiss,  and 
crystalline  limestone.  The  gametiferous  mica  gneiss  is  identical 
in  composition  with  the  non-gametiferous  type,  except  for  the 
presence  of  the  gamets.  The  homblende  gneiss,  or  amphibolite, 
is  a  black,  gabbroid  rock,  which  may  be  of  igneous  origin,  althou^ 
no  evidence  of  such  origin  could  be  obtained,  and  it  is  interbedded 
with  the  other  rocks  with  perfect  conformity.  The  gametiferous 
homblende  gneiss  is  very  similar  to  the  non-gametiferous  type,  with 
the  addition  of  gamets;  as  in  the  case  of  the  other,  no  evidence  of 
an  igneous  origin  could  be  obtained  for  it,  and  it  is  suspected  that 
it  may  be  a  recrystallized,  impure,  calcareous  sediment.  In  sup- 
port of  this  view  is  the  fact  that  the  only  crystalline  limestone 
foimd,  consisting  of  two  beds,  each  about  a  foot  in  thickness,  is  inter- 
bedded with  the  gametiferous  homblende  gneisses. 

This  series  of  sediments  has  been  named  by  the  writer  the 
Nemenjish  series,  from  the  lake  on  which  it  is  best  exposed. 

The  succession  in  these  areas  is  therefore  as  follows: 

Windy  Lake  Area  Kaopatina-Nemenjiah  Area 

Tufifaceous  sediments  Nemenjish  series:  Interbedded  gar- 

netiferous  and  non-gametiferous 
mica    gneisses   and    homblende 
gneisses,  with   crystalline   lime- 
stones 
Rhyolite  porphyry  Gametiferous  mica  gneisses 

Flows  of  intermediate  composition      Interbedded  mica  gneisses  and  basic 
Andesites  tufifaceous  sediments 

Basalts  Basalts 

Eau  Jaune-^batogamau  area. — This  area  includes  Eau  Jaune 
Lake  and  part  of  Obatogamau  Lake  (Fig.  7),  together  with  a  part 
of  Presqu'ile  Lake;  but  outcrops  below  Eau  Jaime  Lake  are  so 
scarce  that  the  structure  of  this  latter  portion  of  the  area  could  not 
be  determined.  The  area  is  of  interest  mainly  because  of  its  con- 
spicuous cross-folding.  In  the  other  areas  described  the  axes  of 
folding  have  a  general  east-west  strike,  and  the  cross-folding  has 
been  sufl&cient  only  to  give  these  axes  plunges  varying  from  15^ 
to  30**.  In  the  Eau  Jaune  area  and,  it  may  also  be  remarked,  in 
the  sediments  on  Nemenjish  Lake,  the  cross-folding  is  as  intense 
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or  more  so  than  the  folding  along  east-west  axes.  As  these  are  the 
most  easterly  areas  studied,  it  is  not  Im^wn  whether  the  cross- 
folding  represents  merely  a  local  crumpling  along  some  plane  of 
weakness  or  whether  the  areas  are  on  the  western  edge  of  a  region 
folded  along  northeast  and  southwest  axes.  A  study  of  the  reports 
and  maps  of  the  country  to  the  east  and  north,  however,  makes  the 
latter  supposition  seem  probable. 


Fig.  7. — ^The  Eau  Jaune-Obatogamau  area 

The  position  and  direction  of  the  axes  of  folding  are  shown  on 
the  map.  The  one  set,  corresponding  with  those  in  the  other 
areas  described,  strikes  S.  70**  E.,  apparently  swinging  in  the 
western  part  of  the  area  to  east.  The  other  set  strikes  N.  35°  E. 
on  Eau  Jaune  Lake,  and  N.  50®  E.  on  Obatogamau  Lake.  The 
succession  and  distribution  of  beds  suggest  that  the  larger  structure 
is  that  of  a  sjoiclinorium  whose  axis  has  a  northeasterly  strike.  The 
rocks  on  the  eastern  side  of  the  area  are  basalts.  Andesites  overlie 
the  basalts  on  the  eastern  side  and  outcrop  also  in  the  western  part. 
Their  composition  gradually  becomes  more  acid  toward  the  center, 
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and  along  the  central  synclinal  axis  there  lies  a  small  area  of  basic 
tuffs,  overlain  by  twenty  to  thirty  feet  of  fragmental  rhyolite  por- 
phyry. The  succession  was  well  determined,  and  the  distribution 
would  indicate  conclusively  a  general  synclinal  structure  were  it 
not  suspected,  as  in  the  Opawika  area,  that  the  rhyolites  are 
localized  in  their  original  distribution. 

The  best  determinations  of  structure  were  made  on  the  western 
part  of  Obatogamau  Lake  and  the  eastern  part  of  Eau  Jaune  Lake, 
where  the  presence  of  large  and  easily  determinable  ellipsoidal 
structures  rendered  work  easy.  Time  did  not  permit  of  the  inten- 
sive work  necessary  for  the  determination  of  the  structures  of  the 
basalts  in  the  northern  and  eastern  parts  of  Obatogamau  Lake, 
while  outcrops  are  rare  along  the  eastern  shores  of  Eau  Jaune  Lake. 

The  basalts  of  Obatogamau  Lake  are  characterized  by  ellip- 
soidal structures,  in  contrast  with  the  basalts  of  the  areas  to  the 
west.  The  ellipsoidal  structures  in  the  basalts  are  small  and  diffi- 
cult of  recognition,  except  on  imusuaUy  clean  surfaces,  so  that  they 
do  not  aid  greatly  in  the  determination  of  the  attitudes  of  the  flows. 
If  this  structure  is  an  indication  of  submarine  extrusion,  however, 
their  occurrence  at  this  point  will  indicate  that  the  seashore  at  the 
time  of  the  basaltic  extrusion  lay  between  Obatogamau  and  ELaopa- 
tina  lakes.  From  this  point  it  must  have  transgressed  rapidly 
westward  as  extrusion  proceeded. 

The  succession  as  determined  in  this  area  is: 

Rhyolite  porphyry,  fragmental  Andesite  flows  ^ 

Andesite  tufls  /  Basalt  flows 

Brock  area. — The  Brock  area  (Fig.  8)  is  situated  at  the  con- 
fluence of  the  Brock  and  Chibougamau  rivers.  Unfortimately  out- 
crops are  poor  in  this  locality  on  accoimt  of  the  cover  of  stratified 
sands  extending  up  the  Chibougamau  valley. 

The  basal  rocks  are  a  series  of  basic  lavas  which  are  here  more 
schistose  than  those  farther  to  the  south,  presumably  because  of 
the  shear  between  them  and  the  overlying  formation  at  the  time 
of  folding.  Their  structure  was  not  determined.  To  the  north  of 
these  is  a  series  of  sediments,  which  were  found  to  form  the  south 
limb  of  a  syncline,  the  north  limb  of  which  has  been  cut  off  by 
granite.    At  the  southern  contact  of  the  series  lies  a  heavy  band 
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of  conglomerate.  Only  one  outcrop  of  this  was  seen,  about  a  mile 
below  the  mouth  of  the  Brock  River.  At  this  point  the  conglomer- 
ate is  very  schistose.  The  pebbles  are  so  nimierous  as  almost  to 
exclude  matrix,  which  is  a  rather  impure  sand.  ^  About  30  per  cent 
of  the  pebbles  are  hornblende  granite;  the  remainder  are  various 
basic  rocks,  now  so  sheared  that  their  original  composition  is  inde- 
temiinable,  although  it  is  clear  that  they  are  of  several  kinds.  The 
stresses  to  which  the  rock  has  been  subjected  have  deformed  the 
pebbles  according  to  their  original  hardness.    The  softer  have  been 
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Fig.  8.— The  Brock  area 

converted  into  narrow  strings  several  inches  in  length  by  a  fraction 
of  an  inch  in  width;  harder  ones  have  been  flattened  into  lenses  the 
shape  of  which  depends  on  the  original  hardness;  while  those  of 
granite,  the  most  resistant,  have  been  deformed  by  fracture  rather 
than  by  flow,  and  still  retain  much  of  their  original  shape.  The 
softer  pebbles  have  flowed  aroimd  the  harder,  accommodating  them- 
selves most  closely  to  all  their  curves.  Fig.  9  illustrates  this  con- 
glomerate. The  almost  imdef ormed  granite  pebbles  are  well  shown ; 
in  some  cases  even  the  fractures  in  them,  inclined  at  about  45^  to 
the  planes  of  schistosity,  may  be  seen.  Some  of  the  more  promi- 
nent pebbles  of  softer  materials  are  also  clearly  visible,  with  the 
manner  in  which  they  have  flowed  around  the  harder  granites. 
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The  rocks  directly  overlying  the  conglomerate  are  drift-hidden, 
but  the  next  outcrops  to  the  north  are  of  mica  gneiss  and  horn- 
blende gneiss,  which  probably  represent^  the  recrystallized  product 
of  sandy  shales.  Jo  the  north  of  this,  beds  of  altered  impure 
sandstone  and  grit  are  found,  beyond  which  mica  and  hornblende 
gneisses  again  appear.  The  latter  rocks  continue  to  outcrop  to 
the  northern  limit  of  the  area,  where  they  are  intruded  and  cut 
off  by  granite. 


Fig.  9. — Conglomerate  about  a  mile  below  the  mouth  of  the  Brock  River 

The  rocks  of  the  area  were  determined  from  observations  on  a 
number  of  drag  folds,  to  form  the  south  limb  of  a  syncline  or  the 
north  limb  of  an  anticline.  The  axial  planes  of  secondary  drag  folds 
were  observed  to  dip  toward  the  north.  Hence  the  folding  is  of 
the  abnormal  typ)e.  The  axes  of  these  drag  folds  plunge,  where 
observed  on  the  Brock  River,  about  22°  to  the  west.  Hence  the 
plunge  of  the  primary  fold  at  this  point  is  to  the  west.  The  general 
strike  of  the  axes  of  these  drag  folds  is  N.  80°  to  85°  E. 

About  twenty-five  miles  down  the  Chibougamau  River,  near  the 
mouth  of  the  Opawika,  another  wide  area  of  rocks  similar  to  the 
upper  beds  of  this  series  of  sediments  outcrops.  The  basal  con- 
glomerate, however,  was  not  found  here,  so  that  it  is  possible  that 
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these  beds  may  not  belong  to  this  series,  but  may  be  fine-grained 
sediments  of  the  Nemenjish  series.  The  beds  dip  toward  the  north, 
but  a  consideration  of  the  relative  movement  of  the  beds  inferred 
from  the  shape  of  the  drag  folds  showed  that  they  form  the  south 
limb  of  an  overturned  anticline.  It  seems  possible  therefore  that 
these  beds  are  the  south  limb  of  the  anticline  of  which  the  Brock 
sediments  form  the  north  limb.  If  so,  the  axial  plane  of  this  large 
fold  dips  to  the  north. 

The  succession  in  the  Brock  area  therefore  in  order  of  age  appears 
to  be: 

Mica  and  hornblende  schists 

Grits 

Conglomerate 

Uncomfomiity 
Green  schists  and  basalts 

Lucky  Strike  area. — The  Lucky  Strike  area  (Fig.  10)  lies  at  and 
above  the  junction  of  Lucky  Strike  creek  with  the  south  branch  of 
the  Broadback  River.  Here,  as  in  the  Brock  area,  the  youngest 
rocks  are  granites,  which  intrude  a  series  of  sediments,  consisting 
of  conglomerate  at  the  base,  passing  upward  into  arkose  or  grey- 
wacke,  and  then  into  muscovite  schists  which  probably  represent 
impure  sandstone.  Beds  which  may  have  overlain  these  have  been 
cut  off  by  the  granite.  All  the  beds  are  much  deformed,  although 
not  so  much  as  in  the  Brock  area.  The  following  pebbles  were 
observed  in  the  conglomerate:  hornblende  granite,  quartz  biotite 
schist,  anorthosite  (one  only),  hornblende  schist,  made  up  almost 
wholly  of  hornblende  needles;  hornblende  schist  containing  30  to 
40  per  cent  plagioclase,  quartz  porphyry,  bedded  chert,  and  others 
which  were  originally  of  softer  rock  and  are  now  so  deformed  as  to 
render  their  original  nature  indeterminable.  Many  of  these  pebbles 
are  recognizable  as  having  been  derived  from  the  lava  series,  so 
that  the  conglomerate  is  evidently  imconformable  above  it.  The 
harder  pebbles  have  suffered  little  or  no  deformation  and  are  well 
rounded,  indicating  long  attrition  before  deposition  in  their  present 
position. 

The  older  series  is  not  well  exposed  in  this  locality.  Directly 
underlying  the  conglomerate  in  one  place  is  found  a  garnetiferous 
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mica  gneiss,  identical  in  composition  with  the  corresponding  gar- 
netiferous  gnebs  of  the  Nemenjish  series  on  the  Opawika  River. 
Below  this,  in  scattered  outcrops,  were  observed  basalts,  basic 
intnisives,  tuffs,  and  carbonate  schists. 
The  succession  in  this  area  is  therefore: 

Broadback  series,  sandstone,  now  muscovite  schist,  arkose  or  greywacke, 
oongbmerate 

Unconformity 
.   Nemenjish  series,  gametiferous  mica  gneiss 
Basic  intnisives,  basalts,  tuffs,  carbonate  schists 

Kenaniska  area. — This  area  (Fig.  10)  lies  at  the  north  end  of 
Kenoniska  Lake,  on  the  Broadback  River.  It  was  mapped  in  part 
during  the  work  of  191 2.  The  map  published  at  that  time  included 
the  results  of  information  gained  by  an  earlier  observer,  which 
re-examin^tion  by  the  writer  in  1914  proved  to  have  been  incorrect. 
As  a  result  the  formation  boimdaries  shown  on  the  map  of  191 2 
are  not  to  be  accepted  as  final. 

The  geologic  section  in  this  area  is  very  similar  to  that  found 
in  the  Lucky  Strike  area,  but  is  of  more  value,  partly  because  the 
section  is  better  exposed  and  more  complete,  and  partly  because 
undeformed  rocks  are  to  be  foimd.  The  structure  of  the  area  is 
that  of  an  anticline  about  ten  miles  in  width,  both  limbs  of  which 
are  cut  off  by  granite.  The  anticline  plimges  to  the  east.  The 
rocks  on  the  limbs  are  very  much  sheared,  but  at  the  crest  of  the 
anticline,  which  is  seen  about  five  miles  above  Kenoniska  Lake, 
the  shearing  has  been  so  slight  that  even  the  slightest  foliation 
can  barely  be  detected. 

The  uppermost  series,  which  was  termed  the  firoadback  series 
by  the  writer  in  191 2,  consists  of  sediments  which  lie  imconformably 
on  an  older  series  consisting  mainly  of  lavas.  At  the  base  of  the 
sedimentary  series  there  are  two  heavy  bands  of  conglomerate, 
separated  by  a  thick  band  of  fine-grained  greywacke  containing 
occasional  pebbles.  Above  the  conglomerate  occur  in  order 
arkose,  a  thin  band  of  quartzite,  and  mica  schist.  The  latter 
includes  both  muscovite  and  biotite  schists,  of  which  the  biotite 
schists  are  the  larger  in  amount.  The  muscovite  schists  are  prob- 
ably the  metamorphosed  equivalent  of  very  siliceous  shales,  the 
biotite  schists  of  less  siliceous  shales. 
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The  conglomerate  on  the  limbs  of  the  fold  has  been  so  sheared 
as  to  deform  all  the  pebbles,  as  in  the  case  of  the  conglomerate 
described  in  the  Brock  area.  At  the  nose  of  the  anticline,  how- 
ever, the  rock  is  undeformed.  The  number  of  pebbles  is  so  great 
that  very. little  of  the  greywacke  matrix  is  observable.  The 
majority  are  imnsually  well  roimded  and  of  all  sizes,  up  to  eight 
inches  in  diameter.  The  material  is  very  poorly  assorted  and 
markedly  cross-bedded.  The  variety  of  the  pebbles  is  great. 
About  50  per  cent  of  the  total  number  are  of  light-colored  biotite 
granite;  a  few,  about  4  or  5  per  cent,  of  a  still  more  siliceous  granite, 
with  almost  no  ferromagnesian  mineral;  lo  to  15  per  cent  consist 
of  dark,  bluish  chert,  often  banded;  while  the  remaining  30  per 
cent  are  quartz  and  various  basic  rocks,  hornblende  schist,  ande- 
site,  etc.,  most  of  which  can  be  matched  in  the  lavas  below. 

The  imderlying  series,  which  was  named  the  Lake  Evans  series 
in  191 2  consists  near  the  base  of  basalts  overlain  by  porphyritic 
andesites.  Some  thih-bedded,  fine-grained,  slaty  tuffs  were  found 
overlying  the  andesites  on  Storm  Lake;  probably  overlying  these 
tuffs,  and  directly  imderlying  the  Broadback  conglomerate,  are 
some  thin  beds  of  gametiferous  mica  gneiss,  petrographically  similar 
to  certain  of  the  members  of  the  Nemenjish  series.  The  structure 
of  these  rocks  could  not  be  worked  out  in  detail  on  account  of  lack 
of  outcrops,  but  the  strike  and  dip  of  the  bedding,  wherever  observ- 
able, is  approximately  parallel  to  the  bedding  of  the  overlying 
Broadback  sediments} 

As  already  stated, 'the  general  structure  of  this  area  is  that  of 
an  anticline,  whose  axis  has  a  strike  of  S.  75°  E.,  and  a  low  plunge 
to  the  east.  If  the  axis  of  this  fold  be  projected  eastward  across 
the  intervening  granite  area,  it  is  found  to  pass  thro\igh  the  Lucky 
Strike  area;  so  that  these  two  areas  probably  form  the  two  limbs 
of  a  large  synclinal  cross-fold,  whose  axis  strikes  N.  15°  E.  If  so, 
the  plunge  of  the  Lucky  Strike  anticline,  which  was  not  determined 
in  the  field,  must  be  toward  the  west. 

The  succession  in  the  Kenoniska  area  therefore  is: 

Mica  schist  Nemenjish  series  ( ?)  gametiferous 
Quartzite  mica  schist 

Arkose  Slaty  tiiffs 

Conglomerate  Andesites 

Unconformity  Basalts 
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Mattagami  area. — This  area  (Fig.  11),  which  lies  on  Mattagami 
Lake,  has  been  briefly  examined  by  the  writer,  but  has  been  studied 
in  detail  by  J.  A.  Bancroft.'  The  following  is  a  summarized 
description  of  the  more  important  points  of  composition  and 
structure  described  by  him. 

The  rocks  include,  as  in  the  three  foregoing  areas,  an  overlying 
sedimentary  and  an  older  lava  series.  The  sediments  have  been 
named  by  Bancroft  the  Mattagami  series.  They  form  a  belt  under- 
lying the  bed  of  the  lake  which  outcrops  at  intervals  along  its  shores 
over  a  distance  of  about  fifteen  miles.    They  consist  almost  wholly 
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Fig.  zz. — The  Mattagami  area 

of  quartz  biotite  schists,  which  are  probably  the  metamorphosed 
equivalent  of  impure  sandstones;  these  pass  into  conglomerate  in 
places  by  the  addition  of  pebbles  of  all  sizes  up  to  six  inches  in 
diameter.  The  pebbles  are  always  scattered,  never  crowded 
together  as  in  the  conglomerates  already  described.  However,  it 
may  be  that  if  the  series  were  better  exposed  bands  of  the  more 
characteristic  conglomerate  would  be  seen.  The  deformation  has 
been  so  great  that  all  the  pebbles  with  the  exception  of  the  hard 
granites  have  been  squeezed,  flattened,  and  in  many  cases  reduced 
to  narrow  strings;  while  even  the  granites  have  been  much  granu- 
lated and  recrystallized.    On  this  account  the  recognition  of  the 

*  Report  on  Mining  Operations^  Quebec,  Department  of  Colonization,  Mines,  and 
Hsfaeries,  191 2,  p.  131. 
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original  nature  of  the  pebbles  is  difficult.  About  60  to  70  per  cent 
of  them  are  of  granite;  the  remainder  includes  diorite,  aplites,  and 
biotite  and  hornblende  schists. 

Bancroft  considers  these  sediments  as  probably  unconformable 
on  the  series  of  lavas  that  lies  to  the  south.  The  structure  is  diffi- 
cult to  determine,  as  the  granite  intrusions  have  cut  off  the  sedi- 
ments to  the  north,  and  have  stoped  their  way  to  the  lavas. 
Bancroft  is  of  the  opinion  that  the  structure  is  that  of  a  tight 
syncline;  however,  it  appears  equally  probable  that  the  present 
band  represents  only  the  south  limb  of  a  syncline,  whose  north 
limb  has  been  cut  off  by  granite.  The  writer  inclines  to  the  belief 
that  the  structure  of  the  whole  belt  between  Mattagami  Lake  and 
the  National  Transcontinental  Railway  is  a  great  anticlinoriimi, 
the  Mattagami  series  of  sediments  representing  the  north  limb,  the 
sediments  of  the  Pontiac  series  the  south  limb.  This  theory, 
however,  is  unsupported  by  facts  other  than  the  petrographic 
resemblance  of  the  sediments  of  these  two  groups  and  a  general 
parallelism  in  their  strike.  It  can  probably  never  be  proved  by  field 
evidence,  as  outcrops  over  the  intervening  territory  are  too  small 
and  scattered  to  make  any  continuous  determination  of  structure. 

To  the  south  of  the  Mattagami  series  lie  the  supposedly  older 
rocks,  consisting  of  lavas,  intrusives,  and  tuffs.  The  lavas  include 
andesites  and  basalts  principally,  some  of  them  distinguished  by 
beautiful  ellipsoidal  structures.  Slaty  tuffs  were  observed  in  a  few 
places.  The  strike  of  these  rocks,  where  observed,  is  in  general  east- 
west,  like  that  of  the  overlying  sediments.  The  most  important 
intrusive  in  the  vicinity  of  Mattagami  Lake  is  a  large  body  of  verj- 
coarse,  feldspathic  gabbro,  petrographically  identical  with  the 
gabbros  which  in  other  localities  have  been  observed  to  grade  into 
anorthosites,  and  probably  to  be  correlated  with  them.  It  intrudes 
the  lava  series,  but  does  not  ascend  as  high  as  the  contact  with  the 
sedimentary  series;  hence  its  relation  to  the  sedimentary  series  is 
indefinite. 

The  succession  in  the  Mattagami  area  therefore  appears  to  be: 

Mica  schists  Basic  intrusives 

Conglomerate  Basalts,  andesites,  rhyolites,  and 

Uncomformity  tuffs 
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Poniiac  area. — The  Pontiac  area  (Fig.  12)  lies  far  to  the  south 
of  the  Brock,  Broadback,  and  Mattagami  areas  but  its  rocks  are 
strikingly  similar.  It  is  found  to  the  south  of  the  National  Trans- 
continental Railway  with  its  western  end  close  to  the  Ontario- 
Quebec  boundary;  it  is  nearly  one  hundred  miles  in  length  by 
twelve  in  breadth.  The  rocks  have  been  studied  by  M.  E.  Wilson' 
and  J.  A,  Bancroft.'  The  following  is  a  sunmiarized  account  of 
their  descriptions. 


Fig.  12. — ^The  Pontiac  area 

The  rocks  of  the  region  fall  into  two  general  classes,  a  volcanic 
complex  and  a  series  of  metamorphosed  clastic  sediments,  termed 
by  Wilson  the  Pontiac  series.  The  Pontiac  series  is  cut  off  on  the 
south  by  intrusions  of  granite;  the  volcanic  complex  lies  to  the 
north  of  it.  The  band  of  sediments  averages  ten  miles  in  width; 
the  major  part  of  this,  about  nine  miles,  is  \mderlain  by  mica  schist, 
with  which  is  associated  some  hornblende  schist  and  amphibolite. 

'  Gtci.  Surv.  Can.,  Mem.  No.  39,  1914. 

*  Report  on  Mining  Operations  for  igii,  Department  of  Colonization,  Mines,  and 
Fisheries,  Quebec,  p.  160;  191 2,  p.  199. 
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Toward  the  northern  edge  mashed  arkose,  greywacke,  and  con- 
glomerate are  found.  The  mica  schist  is  a  fine-grained  rock  con- 
sisting essentially  of  quartz  and  biotite  usually  with  some  feldspar. 
The  arkose  and  greywacke  ai;p  of  much  the  same  composition, 
though  coarser  in  grain;  they  differ  from  each  other  only  in  the 
relative  proportions  of  add  and  basic  fragments  they  contain. 
Both  pass  into  conglomerate  by  the  gradual  addition  of  pebbles. 

The  composition  of  the  conglomerate  apparently  varies  a  great 
deal  from  place  to  place.  Wilson  states  that  in  the  more  western 
portions  of  the  area  studied  by  him  he  found  pebbles  only  of  granite, 
rhyoUte,  and  quartz  porphyry  and  none  of  the  more  basic  rocks. 
Bancroft,  on  the  contrary,  wbrking  in  the  more  eastern  parts  of  the 
area,  reports  the  majority  of  the  pebbles  to  be  of  greenstone, 
although  pebbles  of  granite  and  diorite  are  not  imcommon.  Meta- 
morphism  has  squeezed  and  flattened  all  the  pebbles  more  or  less, 
converting  the  softer  of  them  often  into  mere  strings. 

The  Pontiac  series  overlies  the  volcanic  complex  unconf ormably 
according  to  Bancroft,  as  most  of  the  pebbles  of  the  conglomerate 
can  be  matched  in  the  rocks  below.  Wilson,  who  did  not  find  out- 
crops containing  the  more  basic  pebbles,  doubts  the  uncomformity 
and  is  inclined  to  believe  that  the  sedimentary  series  is  older  than 
the  volcanic,  since  the  general  dip  is  steeply  to  the  north.  To 
secure  further  evidence,  if  possible,  on  this  question  in  dispute,  the 
writer  visited  Lake  de  Montigny  in  191 7  to  examine  the  contact 
there.  The  contact  itself  has  been  exposed  here  in  workings  of 
some  prospectors,  and  the  lavas  to  the  north  are  well  exposed. 
The  examination  by  the  methods  outlined  in  the  beginning  of  this 
paper  indicated  that  the  south  side  of  the  flows  is  the  uppermost. 
This  evidence  therefore  confirms  Bancroft's  conclusion  that  the 
sediments  overlie  the  flows,  and  some  further  support  to  it  is  given 
by  the  similarity  of  the  Pontiac  series  to  the  Brock  and  Broad- 
back  series,  both  of  which  are  undoubtedly  younger  than  the 
volcanics.  The  northward  dip  must  be  ascribed  to  overturned 
folding. 

The  general  trend  of  the  strike  of  these  rocks  is  east-west,  and 
the  dip,  as  stated,  steeply  north.  Bancroft  is  inclined  to  believe 
that  they  form  a  tight  syncline,  but  against  this  hypothesis  lies  the 
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fact  that  the  conglomerate  member  is  found  only  on  the  north  side 
of  the  band  of  sediments.  It  seems  more  probable  that  they  form 
the  north  limb  of  a  syncline,  whose  south  limb  has  been  stoped  off 
by  the  granite,  while  its  anticlinal  continuation  to  the  north  has 
been  removed  by  erosion.  If  this  is  the  case,  the  axial  plane  of  this 
syncline  must  dip  to  the  north. 

Both  Wilson  and  Bancroft  have  described  all  the  sediments  as 
parts  of  one  sedimentary  series.  Since  their  work  was  published, 
however,  several  facts  have  come  to  light  which  are  difficult  of 
explanation  if  the  rocks  are  to  be  considered  as  a  single  series,  while 
the  fact  that  outcrops  are  exceedingly  poor  in  this  district,  owing 
to  the  heavy  cover  of  glacial  lake  clays,  renders  it  possible  that  two 
or  more  series  of  metamorphosed  sediments  have  been  inadver- 
tently grouped  together.  The  facts  which  tend  to  throw  doubt  on 
their  interpretations  are: 

1.  On  Lake  de  Montigny,  at  the  contact  of  the  Pontiac  series 
and  the  \mderlying  greenstones,  no  conglomerate  is  found.  The 
basal  beds  of  the  sedimentaries  are  dark  mud  rocks  of  the  compo- 
sition of  a  basic  greywacke.  Conglomerate  does  not  occur  here. 
Wilson  describes  the  conglomerate  as  occurring  in  discontinuous 
patches.  In  the  series  of  yoimger  sediments  to  the  north,  already 
described  by  the  writer,  the  conglomerate  band  at  the  base  of  the 
younger  sedimentary  series  is  always  thick,  strong,  and  con- 
tinuous. 

2.  Wilson  describes  amphibolites  occurring  interbedded  with  the 
mica  schists  of  the  Pontiac  series  in  places.  Amphibolites  were  not 
observed  by  the  writer  to  form  part  of  any  of  the  younger  sedimen- 
tary series  ii^any  of  the  areas  studied  by  him;  they  are,  however, 
very  characteristic  of  the  Nemenjish  series  and  form  a  considerable 
proportion  of  it. 

3.  Wilson'  found  outliers  of  the  Grenville  series  (which,  it  will 
be  shown,  is  probably  correlative  with  the  Nemenjish  series)  on 
Grand  Lake  Victoria,  about  twenty-five  miles  south  of  the  most 
eastern  outcrop  of  the  Pontiac  series.  Bancroft'  in  1916  found  out- 
liers of  the  Grenville  series  as  far  west  as  Doucet,  some  thirty  miles 

^Gecl,  Surv.  Can,,  Sum,  Rept.^  191 2,  p.  337. 
*  Penonal  communication 
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east  of  the  most  eastern  outcrop  of  the  Pontiac  series.  The  inter- 
vening distance  has  not  been  closely  exajnined.  It  seems  strange 
that  the  Grenville  series  should  approach  the  Pontiac  so  closely  and 
yet  not  be  found  within  the  Pontiac  area,  and  that  so  widespread 
a  series  as  the  Pontiac  should  end  so  sharply,  and  no  further  trace 
of  it  be  found  included  in  the  granites  to  the  south  or  east.  Both 
these  difficulties  would  at  once  disappear,  however,  if  at  least  a 
part  of  the  Pontiac  were  identical  with  the  Grenville  series. 

4.  To  the  north  of  the  main  belt  of  the  Pontiac  series  Wilson 
has  mapped  several  minor  areas  of  sediments  surrounded  by  the 
Abitibi  volcanics.  They  are  of  mica  schist  only,  without  the  con- 
glomerate member.  If  the  conglomerate  and  all  the  mica  schists 
form  a  part  of  the  same  series,  the  conglomerate  member  should 
appear  in  these  areas  also,  along  the  line  of  contact  of  the  green- 
stones and  the  sediments. 

In  view  of  these  facts  the  writer  tentatively  advances  the  view, 
alternative  to  that  suggested  by  Wilson  and  Bancroft,  that  the 
so-called  Pontiac  series  consists  of  two  sedimentary  series.  The 
older,  composed  mainly  of  mica  schists  and  amphibolites,  is  equiva- 
lent to  the  Grenville  and  Nemenjish  series  and  may  lie  upon  the 
older  vplcanic  series  conformably.  The  younger  contains  the  con- 
glomerate, arkose,  and  greywacke  members,  and  perhaps  a  portion 
of  the  mica  schists,  and  may  be  equivalent  in  age  to  the  Mattagami, 
Broadback,  Lucky  Strike,  and  Brock  series. 

The  rocks  of  the  volcanic  complex  underlying  the  Pontiac  series 
consist  mainly  of  lavas  varying  in  composition  from  basalt  to 
rhyolite;  the  types  of  intermediate  composition  are  the  most  com- 
mon. Interbedded  with  them  are  small  amounts  of  slate  or  slaty 
tuff,  and  dolomite,  which  in  part  at  least  is  an  altered  rhyolite. 
Intrusive  into  these  rocks  are  bodies  of  gabbro  and  diabase.  All 
of  the  rocks  have  undergone  more  or  less  metamorphism  and  have 
been  converted  locally  into  schists.  Outcrops  throughout  the  area 
are  too  sparse  to  determine  structure  and  succession,  but  wherever 
strikes  are  determinable  they  have  a  general  east-west  direction. 

Summary, — The  geological  sections  described  in  the  foregoing 
areas  may  be  summarized  as  follows: 
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Pontiac  Area 

Mica  schist 
Arkose,  gre3rwacke 
Conglomerate  or 

Unconfonnity 
Basalt,  andesite,  rhyolite,  tiififs, 
and  intrusives 

Matlagamie  Area 

Mica  schists 
Conglomerate 

Uncomformity 
Basic  intrusives 
Basalts,  andesites 
Basalts,  andesites,  rhyolites,  tuffs 


Lucky  Strike  Area 

Mica  schist 
Arkose,  greywacke 
Conglomerate 

Unconformity 
Gametiferous  mica  schist 
Tuffs,  basalts,  basic  intrusives 

Windy  Lake  Area 

Tuffaceous  sediments 

Rhyolite  porphjrry 

Flows  of  intermediate  composition 

Andesite  flows 

Basalt  flows 


Mica  schist 
Arkose,  greywacke 
Conglomerate 

Unconformity 
Mica  schist  and  amphibolite 
Basalt,  andesite,  rhyolite  tuffs,  and 
intrusives 

Kenoniska  Area 

Mica  schists 
Quartzite 
Arkose 
Conglomerate 

Unconformity 
Gametiferous  mica  schists 
Slaty  tuffs 
Andesites 
Basalt 

Brock  Area 

Mica  and  hornblende  schists 

Grits 

Conglomerate 

Unconformity 
Basalts  and  schists 


Kaopatina-Nemenjiah  Area 

Interbedded  gametiferous  and  non- 
gametiferous  mica  gneisses  and 
homblende  gneisses,  with  crystal- 
line limestones 

Non-gametiferous  mica  gnesises 

Interbedded  mica  gneisses  and  basic 
tuffaceous  sediments 

Basalt  flows 


Eau  Jaune-Obatogamau  Area 

Fragmental  rhyolite 
Andesite  tuffs 
Andesite  flows 
Basalt  flows 


Father's  Lake  Area 

Basic  tuffs 
Andesite  flows 
Porphyritic  basalt  flows 
Basalt  flows 

[To  be  continued] 


Opawika  Area 

Rhyolite  flows 
Intermediate  lavas 
Andesite  tuffs 
Andesite  flows 
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CONNECTING  LINK  BETWEEN  THE   GEOLOGY  OF 
THE  NORTHERN  SHAN  STATES  AND   YUNNAN 


M.  H.  LOVEMAN 
New  York  City 


T.  H.  D.  La  Touche  has  described  in  detail  the  geology  of  the 
Northern  Shan  States  west  of  the  Salween  River  and  up  to  lati- 
tude 23°  north.*  J.  Coggin  Brown  has  at  one  point  extended  this 
work  farther  north,  having  thoroughly  mapped  the  section  between 
longitudes  97°  00'  and  97®  30'  and  extending  north  to  latitude 
23°  15'.'  But  beyond  this  area  north  to  the  border  of  Yunnan 
the  ground  has  not  been  studied  by  the  Geological  Survey  of 
India.  North  of  the  border  in  Yunnan  the  broader  details  of 
the  geological  structure  have  again  been  studied  and  mapped  by 
J.  Coggin  Brown  and  made  available  in  various  survey  rei>orts.^ 

During  the  years  191 7-18  the  writer  and  several  others,  while 
doing  exploration  work  for  the  Burma  Mines,  Limited,  were  enabled 
to  take  rough  geological  notes  covering  the  unmapped  area  described 
above.  By  means  of  this  work,  as  is  shown  on  the  accompanying 
map,  the  gap  between  the  area  in  the  South  mapped  by  La  Totiche 
and  Coggin  Brown  and  that  in  Yunnan  by  Coggin  Brown  is 
partially  filled  in. 

On  the  whole  the  section  offers  no  points  of  marked  difference 
from  the  areas  to  the  south  and  north.  Some  slight  differences 
between  formations  in  Yunnan  and  the  p>ortions  of  the  Northern 
Shan  States  familiar  to  him  kept  Coggin  Brown  from  making  definite 

'  T.  H.  D.  La  Touche,  "Geology  of  the  Northern  Shan  States,  "Memoirs  of  the 
Geol.  Sun.  of  Indian  XXXIX,  Part  2. 

*  J.  Coggin  Brown,  "Geology  and  Ore  Deposits  of  the  Bawdwin  Mines,"  Records, 
GeoL  Surv.  of  India,  XL VIII,  Part  3. 

i  J.  Coggin  Brown,  "  Contributions  to  the  Geology  of  the  Province  of  Yunnan 
in  Western  China:  I,  The  Bhamo-Teng-Yueh  Area,"  Records,  Geol.  Surv,  of  India, 
XLIII,  Part  3,  and  other  articles  in  the  same  series. 
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correlations.  The  area  described  here  helps  to  explain  these  dif- 
ferences and  assists  in  correlating  the  two  sections.  Owing  to 
the  strictly  economic  purpose  of  our  work  in  the  field  no  attempt  to 
gather  fossils  was  made,  and  consequently  the  mapping  was  done 
on  strictly  lithological  groimds.  The  various  formations  have, 
however,  with  the  exception  of  the  Ordovidan  and  Silurian  beds, 
such  definite  lithological  characteristics  that  their  determination 
can  be  safely  made  without  recourse  to  fossils.  The  Ordovidan- 
Silurian  beds  are  not  mapped  separately  but  are  shown  as  a  single 
formation  between  the  known  older  slates  and  quartzites'and  the 
younger  Devonian-Carboniferous  limestone. 


TABLE  I 
List  of  Formations 


Period 

Recent     \ 
Subrecentj ' '  ' 

Tertiary 

Jurassic 

Permian         ] 
Carboniferous  [ 
Devonian       j 
Silurian     \ 
Ordovician/ ' ' 

Ordovicianl 
Cambrian?/'  • 

Cambrian 

Archean 

Igneous 


Name  in  the  Northern  Shan  States  and  Character 


Yunnan  Equivalent 


Alluvium— old  river  terraces— travertine] 

Clays — sandrock  and  brown  coal 

Nam  Yau  series— red  sandstones  with  limestone  beds 

Plateau  limestone — iMt  differentiated  into  an  upper 
and  lower  as  by  La  Touche  because  of  lack  of  fossil 
evidence 

Namhsim^  Naungkansyi,  and  other  Silurian  and 
Ordovidan  beds  of  La  Touche  grouped  because  of 
lack  of  fossil  evidence,  shales,  sandstones,  and  some 
limestone  beds 

Pangyun  beds— not  mapped  by  La  Touche.  Sand- 
stones, shales,  and  occasional  limestone  beds 

Chaung  Magyi— quartzites  and  shales 

Mogok  gneiss  with  limestone  bands 

Granite — ^intrusive  into  gneiss  and  Chaunf  Magyi 
but  age  unknown.  Basic  dikes — intrusive  into, 
the  granite 


Nan  Tien 


Permo-Carboniferous  and  older 
Paleoaoic  limestones 


Pu-Piao  series 


Possible  transition    beds   be- 
tween Kaojiang  and  Pu-Piso 

Kao4iang  series 

Crystalline    series.    Gneiss, 
granite  and  mica  schist  wiUi 
a  few  limestone  bands  of 
Blown 


In  Table  I  are  given  the  formations  present  in  the  area  discussed. 
The  same  names  are  assigned  to  them  as  are  used  by  La  Touche  in 
his  Geology  of  the  Northern  Shan  States.  In  the  right-hand  column 
are  given  what  appear  to  be  the  corresponding  formations  in 
Yunnan.  The  names  are  those  given  by  J.  Coggin  Brown  in  his 
reports  on  that  province. 

TOPOGRAPHY 

The  main  structural  features  are  the  high  moimtain  region  of 
the  western  section  (some  of  the  peaks  being  over  7,000  ft.)  com- 
posed of  granite,  gneiss,  and  the  older  Paleozoic  sediments,  and  the 
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more  open,  less  accentuated,  topography  of  the  Plateau  limestone 
over  most  of  the  eastern  section. 

The  Shweli  in  the  North  and  the  Nam  Tu  in  the  South  both 
flowing  in  a  general  southwesterly  direction  are  the  dominant 
streams,  carrying  off  all  the  drainage  of  the  area,  with  the  exception 
of  a  narrow  strip  along  the  eastern  edge,  where  the  streams  flow 
east  into  the  Salween.  The  Salween  flows  almost  due  south  and, 
as  is  characteristic  of  it  for  most  of  its  course  through  Yunnan  and 
Burma,  it  has  cut  its  way  down  far  below  the  surrounding  country 
and  consequently  has  a  very  limited  lateral  drainage.  The 
streams  flowing  into  the  Salween  in  this  section  have  a  length  rarely 
exceeding  thirty  miles.  Notwithstanding  this  fact  it  far  exceeds 
any  of  the  other  streams  in  voliune  of  water. 

The  abrupt  change  in  the  character  of  the  country  at  the 
contact  between  the  older  Paleozoic  sediments  and  the  younger 
limestones  is  most  pronoimced,  the  former  rocks  standing  up  as  a 
rampart  across  the  whole  area.  In  the  isolated  oval-shaped 
exposure  of  these  rocks  in  the  northeast  comer  of  the  Northern 
Shan  States  the  same  conditions  hold,  the  older  sediments  rising 
up  as  a  rugged,  intricately  dissected  network  of  mountains  out  of 
the  surrounding  limestone  country,  which,  by  comparison,  is  of 
moderate  relief,  with  wide  valleys  and  rounded  hills.  The  char- 
acteristic underground  drainage  of  the  limestone  area  has  given 
rise  to  large  sections,  in  which  the  topography  consists  of  numerous 
sink  holes  of  all  sizes,  inclosed  basins  *in  which  the  drainage 
disappears  into  the  limestone.  The  same  characteristic  has  also 
produced  i>eculiar  local  topographic  forms,  such  as  hanging  valleys 
without  visible  outlets  and  valleys  with  two  distinct  valley  floors 
at  different  levels. 

Certain  sections  of  the  granite  area,  in  which  the  rock  is  of  an 
extremely  coarse-grained  homogeneous  nature,  have  weathered  into 
a  multitude  of  small,  rounded  hillocks  without  any  definite  drainage 
system.  The  streams  wind  sluggishly  through  the  maze  of  small 
hills,  often  forming  marshy  lands.  In  this  section  the  granite  has 
weathered  in  situ  often  to  a  depth  of  several  feet,  leaving  a  soil 
composed  of  all  the  constituents  of  granite  arranged  in  their  normal 
position  but  unconsolidated. 
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ARCHEAN  SYSTEM 

The  Mogok  gneiss  in  this  area  is  similar  in  every  way  to  this 
rock  as  described  by  Barrington  Brown  and  J.  W.  Judd  in  the  Ruby 
Mines  district  and  Coggin  Brown  in  his  traverse  from  Bhamo 
in  Burma  to  Teng-Yueh  in  Yunnan.  Consequently  the  section 
mapped  here  allows  one  definitely  to  connect  those  two  areas.  The 
gneiss  is  present  in  a  great  variety  of  types  and  often  assmnes 
both  schistose  and  granitoid  forms.  All  phases,  from  extremely 
acidic  to  basic  hornblende  gneisses,  are  found.  Bands  of  coarsely 
crystalline  limestone  are  present,  as  in  the  other  areas  of  this  rock. 
In  fact,  this  band  of  igneous  and  metamorphic  rocks  maintains 
a  great  regularity  in  its  diversity,  whether  examined  far  to  the 
south  of  Mandalay  (east  of  Pyawbwe  in  latitude  20®  40')  or  in  the 
North  at  Teng-Yueh  in  latitude  25®  00'.  Noteworthy  at  widely 
separated  points  are  the  crystalline  limestone  beds.  These 
limestones  are  of  considerable  interest,  first  in  that  they  house  an 
extremely  varied  collection  of  minerals,  over  twenty-five  mineral 
species  having  been  identified  by  Barrington  Brown  and  Professor 
Judd,  and  secondly  in  that  Professor  Judd  has  argued  in  favor  of 
the  inorganic  origin  of  the  limestone  by  means  of  the  alteration  of 
the  unstable  scapolite  contained  in  the  basal  gneisses.  It  would 
appear  that  the  practical  continuity  of  this  crystalline  limestone, 
in  a  well-defined  zone  more  than  two  hundred  and  fifty  miles  in 
length  is  almost  conclusive  evidence  of  its  original  organic  origin. 

GRANITE 

The  granite  is  discussed  at  this  point  because,  although  con- 
siderably younger  than  the  gneiss,  being  in  fact  intrusive  into  the 
Cambrian  sediments,  it  is  always  foimd  either  entirely  within  the 
gneiss  or  along  its  eastern  edges.  On  the  map  no  attempt  is  made 
to  show  the  granite  areas  within  the  gneiss.  There  are,  however, 
no  grounds  for  not  believing  that  the  large  mass  of  homogeneous 
granite  shown  as  occurring  between  the  gneiss  and  the  older  sedi- 
ments is  not  genetically  the  same  as  the  very  numerous  bodies 
of  granite  found  entirely  within  the  gneiss  area.  The  granite  is 
a  normal  biotite  granite  and  extremely  consistent  in  its  mineral 
character  over  large  areas;  extreme  variations  occur,  however,  in 
the  texture  from  coarse-grained  to  fine-grained  types.    Intrusive 
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dikes  of  a  basic  type  are  common  and  in  some  localities  cover  an 
extensive  area. 

Coggin  Brown  in  his  work  in  Yunnan  did  not  attempt  to  map 
the  granite  separately  from  the  gneiss,  but  from  the  text  it  appears 
very  probable  that  the  band  of  granite  separating  the  gneiss  from 
the  younger  sediments  south  of  the  Shweli  extends  well  north  of 
that  river  into  Yunnan. 

The  peculiar  type  of  topography  and  accompanying  excessive 
disintegration  over  a  portion  of  the  granite  area  has  been  mentioned 
previously. 

CAMBRIAN   (CHAUNG  MAGYl) 

These  rocks  differ  in  no  respect  from  the  descriptions  of  them  in 
the  neighboring  sections,  as  given  by  previous  writers.  They 
consist  of  slaty  shales,  phyllites,  and  quartzites,  severely  folded  and 
of  rapidly  varying  strike.  The  band  of  rocks  of  the  Kao-liang 
series  mapped  by  Coggin  Brown  in  Yunnan  just  east  of  the  Shweli 
River  in  latitude  24°  40'  is  undoubtedly  a  direct  continuation  of  the 
Chaung  Magyi  of  the  Northern  Shan  States. 

LATE  CAMBRIAN-ORDOVICIAN-SILURlAN  BEDS 

These  formations  are  all  grouped  together,  as  it  is  possible 
to  separate  them  only  by  careful  paleontological  work.  The  oldest 
rocks  of  this  group  are  of  the  most  interest,  as  it  is  in  the  section 
under  discussion  that  they  attain  their  greatest  importance.  They 
have  been  called  the  Pangyun  beds  by  Coggin  Brown.  No  fossils 
have  been  found  in  them,  but  as  they  are  conformably  followed  by 
Ordovician  beds  they  are  themselves  either  late  Cambrian  or  early 
Ordovician. 

It  has  been  generally  assumed  by  other  observers  that  a  decided 
break  exists  between  the  non-fossiliferous  Chaung  Magyi  and  the 
fossiliferous  Ordovician  strata,  but  it  seems  possible  that  this  may 
have  been  due  to  the  fact  that  favorable  exposures  of  the  intervening 
rocks  had*  never  been  observed.  In  this  area  numerous  sections 
were  examined  from  the  Chaung  Magyi  to  the  Silurian  rocks,  and 
no  decided  break  could  be  found,  the  Pangyun  beds  apparently 
Ming  in  the  period  between  the  Chaung  Magyi  and  the  fossUiferoiis 
Ordovician.  In  this  connection  it  is  interesting  to  note  that  lime- 
stone beds  are  present  at  various  points  in  the  Pangyun  series. 
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Coggin  Brown  in  discussing  the  Kao-liang  system  states  that 
"lower  down  the  eastern  slope  of  the  divide  (Irrawady-Salween), 
silver-grey  phyllites  are  interbedded  with  dark  slates  and  bands  of 
limestone.  In  the  latter  occurrence  there  is  a  marked  difference 
from  the  Chaung  Magyi  system  of  the  Northern  Shan  States,  which 
otherwise  they  greatly  resemble,  for  the  former  system  does  not 
contain  lime  in  any  form. "  On  the  assumption  that  the  Pangyun 
beds  are  a  transition  series  between  the  Chaung  Magyi  and  the 
younger  fossiliferous  beds  it  is  possible  that  the  beds  observed  by 
Coggin  Brown  belong  to  this  series  and  thus  represent  the  passage 
from  the  Kao-liang  system  to  the  Pu-Piao  series. 

The  younger  Ordovician  and  the  Silurian  beds  closely  resemble 
those  described  by  La  Touche  for  the  area  to  the  south.  They 
consist  of  sandstones,  shales,  marls,  and  occasional  limestone 
beds.  A  detailed  ^udy  of  these  beds  in  this  section,  with  careful 
paleontological  work,  would  imdoubtedly  allow  of  their  being 
separated  into  their  smaller  subdivisions,  as  has  been  done  by  La 
Touche  for  the  rest  of  the  area. 

The  Pu-Piao  series  and  the  Silurian  system  in  Yunnan  of 
Coggin  Brown  are  assumed  as  being  analogous  with  the  group  of 
beds  mapped  here  as  lying  between  the  Chaung  Magyi  and  the 
younger  limestones,  with  the  slight  difference  that  the  bottom 
member  (Pangyun  beds)  may  belong  both  to  the  Kao-liang  and  the 
Pu-Piao. 

DEVONIAN-CARBONIFEROUS-PERMIAN   (PLATEAU  LIMESTONE) 

It  has  not  been  attempted  to  differentiate  this  formation,  which 
covers  a  period  from  the  Devonian  to  the  Permian,  into  an  upper 
and  lower,  as  has  been  done  by  La  Touche  in  ,the  southern  area. 
It  is  a  direct  continuation  of  the  Plateau  limestone  mapped  by  him, 
and  similar  to  it  in  all  respects.  In  all  the  eastern  section  of  the 
area  it  completely  covers  the  older  rocks  except  at  two  points,  one 
in  the  northeast  corner,  where  an  eroded  anticlinal  mass  has  exposed 
the  older  sediments  down  to  the  Chaung  Magyi,  and  the  second 
in  the  gorge  of  the  Salween,  which  river  has  cut  its  way  down 
through  the  limestone  and  Silurian  and  Ordovician  sediments  into 
the  Cambrian.  At  neither  of  these  points  are  igneous  or  meta- 
morphic  rocks  exposed. 
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As  shown,  this  broad  band  of  limestone  continues  into  Yunnan 
and  is  thus  directly  correlated  with  the  Devonian  and  Permo- 
Carboniferous  limestone  of  that  province. 

JURASSIC   (nam  YAU  BEDS) 

At  one  point  in  approximate  latitude  23^  47'  longitude  98^  15' 
on  the  flanks  of  the  dome-shaped  anticline  in  which  the  older 
sediments  are  exposed,  beds  of  coarse  conglomerates,  with  the 
pebbles  largely  of  limestone,  were  noted.  A  short  distance  from 
this  point  extensive  beds  of  red  sandstcme  were  encoimtered  lying 
above  the  Plateau  limestone.  Their  position  and  character  are 
fairly  strong  evidence  in  assigning  them  to  the  Nam  Yau,  but  the 
scant  opportunity  for  examining  them  makes  their  definite  determi- 
nation unadvisable.  This  is  especially  true  as  they  also  resemble 
the  Red  Bed  series  of  Yimnan  (Permian-Triassic),  as  described  by 
Coggin  Brown,  and  may  possibly  represent  a  southern  outlier  of 
those  beds. 

No  Jurassic  beds  have  as  yet  been  identified  in  Yunnan. 

TERTIARY 

Fairly  extensive  deposits  of  Tertiary  beds  are  present  in  the 
Nam  Tu  valley,  but  they  were  not  noted  elsewhere,  although  it 
is  possible  that  small  remnants  are  present  in  some  of  the  other 
valleys  in  the  Plateau  limestone.  They  are  found  as  unconsoli- 
dated sands  and  clays  and  often  contain  extensive  deposits  of  lignite 
and  sub-bituminous  coal. 

RECENT 

All  the  more  prominent  river  valleys  are  covered  with  deposits 
of  recent  alluvium,  probably  with  the  exception  of  the  Shweli 
valley  in  the  Namhkam  area,  always  of  fluviatile  origin.  In  the 
case  of  the  Shweli  valley  the  broad  plain  about  thirty  miles  long, 
with  an  average  width  of  five  or  six  miles,  probably  represents  an 
old  lake  bed  similar  to  the  numerous  ones  which  have  been  noted 
in  Yimnan.  Recent  elevation  with  consequent  renewed  erosion 
by  the  Shweli  has  largely  concealed  its  former  character. 

H  has  not  been  attempted  to  show  these  deposits  on  the  accom- 
panying map,  as  it  only  tends  to  confuse  the  relations  of  the  under- 
lying consolidated  formations. 
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ON  THE  ACCURACY  OF  THE  ROSIWAL  METHOD  FOR 

THE  DETERMINATION  OF  THE  MINERALS 

IN  A  ROCK 


ALBERT  JOHANNSEN  AND  E.  A.  STEPHENSON 
University  of  Chicago 


Some  years  ago  Julien^  expressed  a  doubt  as  to  the  accuracy 
of  the  Rosiwal  method  in  the  determination  of  the  percentage 
composition  of  rocks  in  general.  He  thought,  if  the  fragments 
were  equicubical,  that  d,  the  measured  average  diameter  of  the 
mineral  plates,  might  give  correct  results,  but  for  unequicubical 
grains  the  value  d^  should  be  used,  and  for  rounded  grains,"  thick 
lenses,  or  short  spindles,  .  78541^  a  or  d*.  For  schistose  rocks  with 
flakes  and  interlaminae  parallel  and  of  equal  thickness,  he  suggested 
d^,  for  prisms  or  blades  with  parallel  interlaminae,  d'^^^lXbXty 
where  /,  b,  and  i  are  the  length,  breadth,  and  thickness  of  plates. 

Williams,^  several  years  later,  studied  the  comparative  accuracy 
of  various  methods,  using  a  pink  granite  from  Westerly,  Rhode 
Island,  with  grains  ranging  from  i .  5  to  5  mm.  in  diameter.  Several 
determinations  were  made  in  each  experimental  method  and  the 
results  were  averaged  and  tabulated  with  the  calculated  results  as 
shown  in  Table  I. 

The  first  colmnn  is  calculated  from  the  chemical  analysis  and 
is  practically  the  norm,  except  for  the  small  amount  of  biotite. 
The  second  column  represents  the  percentages  of  the  different 
minerals  obtained  by  separation  according  to  their  specific  gravi- 
ties in  Sonstadt's  solution.  The  agreement  of  this  determination 
with  the  preceding  is  fairly  close.    The  third  column  is  based  upon 

» A.  A.  Julien,  "Genesis  of  the  Amphibole  Schists  and  Serpentines  of  Manhattan 
Island,  New  York,"  Bull.  Ged.  Soc.  Amer.,  XIV  (1902),  460-^. 

'  Julien  gives  .  7854  l^a  or  d^  for  this  valufe.  Williams  gives  .5236^*,  the  volume 
of  a  sphere,  as  Julien 's  (possibly  later)  figure. 

*  Ira  A.  Williams,  "The  Comparative  Accuracy  of  the  Methods  for  Detennining 
the  Percentages  of  the  Several  Components  of  an  Igneous  Rock,"  Amer.  GeotXSXV 
(1905),  34-46. 
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microscopic  measurements  of  the  diameters  of  grains  in  thin  section 
made  according  to  the  Rosiwal  method,  the  results  thus  obtained 
being  multiplied  by  the  respective  specific  gravities  to  give  weight 
percentages.  (Personally  the  present  writers  prefer  to  transfer 
the  specific  gravity  determinations  into  volume  percentages  rather 
than  the  reverse,  since  one  estimates  the  composition  of  a  rock  by 
volumes  and  not  by  specific  gravities.)  The  foiu-th  column  repre- 
sents six  different  photomicrographic  prints,  made  of  different 
parts  of  the  slide,  which  were  dissected,  and  weighed  according  to 
the  Delesse-Sollas-Joly  method.  The  weights  of  the  fragments  of 
paper  were  assumed  to  be  proportional  to  the  areas,  therefore  to  the 


TABLE 

I 

I 

CalcuUted 

from 
Chemical 
Analyus 

II 

Heavy 
Solution 

III 
Measure- 
ments of 
Diameters 
Rosiwal 
Method 

IV 

Photomi- 
crographs 
of  Areas 

V 
Areas  (d*) 
Measured 

by 
Microm. 
Ocular 

VI 

Calcula- 
tions of  d^ 

from 
Column  III 

VII 

Calcula- 
tions of  (fi 

from 
Column  V 

Quartz 

35-90 

34.48 

24.99, 

0.26 

2.60 

1. 10 

34  25 
32.47 
26.91 

5.68 

19.02 
43  65 
32.90 

4-43 

23  23 
43  64 
32.90 

0.25 

19.90 
43  67 
32.90 

3.52 

1. 41 
56.04 
42.24 

0-3I 

12.14 
49.92 
37  31 

Orthoclase 

Plagioclasc 

Mica 

Magnetite 

Hematite 

0.63 

volimnes  of  the  minerals.  The  percentages  were  computed  as 
before.  The  fifth  coliunn  represents  measurements  of  areas  made 
by  means  of  a  net-micrometer  ocular,  as  originally  used  by  Rosiwal; 
the  number  of  squares  included  within  the  boundaries  of  the  differ- 
ent minerals  being  counted.  The  areas  again  were  assimied  to  be 
proportional  to  volumes.  The  sixth  column' was  obtained  by  cub- 
ing the  values  in  column  III  and  reducing  the  sum  to  100.  The 
last  coliunn  represents  d^  calculated  from  the  value  of  d"  in  column  V. 
Williams  pointed  out  the  close  agreement  between  the  composi- 
tion calculated  from  the  chemical  analysis  and  the  results  obtained 
with  Sonstadt's  solution  on  the  one  hand,  and  that  obtained  by  the 
Rosiwal  method  and  the  measurement  of  areas  on  the  other.  The 
two  sets  of  values,  however,  do  not  agree.  He  remarked  that 
**  though  the  absolute  voliunes  (of  the  microscopic  methods)  may 
not  be  correct,  using  d  as  indicated,  relative  volumes  as  expressed 
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in  percentages  may  nevertheless  give  as  significant  results  as  if  the 
actual  value  of  d  were  known."  The  results  of  coliunns  VI  and 
VII  indicate  that  d^  cannot  be  used  for  calculating  the  percentage 
composition  when  d  is  the  measured  width  of  the  mineral  grains  in 
the  thin  section. 

Williams  concludes  that 

any  one  of  the  direct  measurements  with  the  microscope  does  not  appear  to 
fulfill  even  approximately  the  necessary  conditions  for  a  statement  of  the 
complete  quantitative  composition/'  but  that  ''heavy  solutions  are  a  conve- 
nient and  readily  applicable  method  of  separating  the  minerals  of  a  rock  and  may 

be  valuable  in  determining  quantitative  relations The  accuracy  of  the 

results  will  be  directly  proportional  to  the  coarseness  of  grain  and  the  readiness 
with  which  the  minerals  can  be  separated. 

So  far  as  the  writers  are  aware,  no  other  comparisons  have  been 
made  between  the  specific  gravity  method  and  that  of  Rosiwal. 
Contrary  opinions  to  those  just  quoted  are  held  by  many  petro- 
graphers.    Thus   in   Table   II   we   have   the   comparison   of  a 


TABLE  n 


Calculated 
Composition 
from  Analysis 


II 

Rosiwal 

Volume 

Analysis: 

First  Specimen 


III 

Weight 

Percentage: 

First  Specimen 


rv 

Rosiwal 

Vdume  Anal.; 

Second 

Specimen 


V 

Weight 

Percentsge: 

Second 

Specimen 


Quartz 

Orthoclase . . 

AbjAn, 

Biotite 

Hornblende^ 
Pyroxene  / 
Ma^etite.  . 
Pynte,  etc.  . 


22.86 

18.3s 
39-74 
10.92 

3  56 

1.86 
1.86 


23  17 

18.62 

43  10 

8.87 

/3.78 

I197 

.40 

.04 


22 

17 

42 

9 

4 
2 


55 
57 
47 
77 
44 
37 
76 
07 


20.97 
21.07 
42.29 

8.15 
4.84 
2.07 

•54 
.02 


20.34 

19.82 

41.48 

8.94 

5  67 

2.50 

1.02 

.04 


computation  from  chemical  data  of  mineral  composition  with 
measured  linear  dimensions  according  to  the  Rosiwal  method 
made  by  Cross,  Iddings,  Pirsson,  and  Washington'  for  the  Butte 
'^granite." 

In  Table  II,  columns  I,  III,  and  V  should  be  compared.    The 
authors  state  that  a  small  amount  of  pyroxene  was  intergrown  with 

'  Cross,  Iddings,  Pirsson,  and  Washington," A  Quantitative  Chemico-Mineralogical 
Classification  and  Nomenclature  of  Igneous  Rocks,"  Jour,  GeoLf  X  (1902),  681-82. 
Ibid.y  QuatUiUUive  Classificaiiofi  of  Igneous  Rocks  (Chicago,  1903),  p.  286. 
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the  hornblende  and  was  probably  included  in  the  analyzed  horn- 
blendic  material.  The  two  miiierals  are,  therefore,  calculated 
together.  There  can  be  no  question  about  the  success  of  the 
Rosiwal  determinations  in  this  case.  Cross,  Iddings,  Pirsson,  and 
Washington' say:  *' It  is  possible  ....  to  determine  very  closely 
the  proportions  of  the  minerals  present "  This  determina- 
tion proves  either  the  accuracy  of  the  Rosiwal  method  or,  since  it 
is  only  a  single  example,  an  almost  exact  compensating  error. 

Among  other  petrographers  who  have  found  the  microscopic 
methods  of  sufficient  accuracy  are  Barrell,'  who  determined  his 
constituents  by  a  somewhat  simpler,  though  less  acciu-ate,  method. 
He  says: 

The  field  of  view  of  the  microscope  is  divided  into  quadrants  by  the  cross* 
hairs,  and  these  are  mentally  divided  into  sectors  which  are  thirds,  fifths,  or 
smaller  fractions.  By  taking  such  a  power  of  objective  that  the  component 
to  be  estimated  is  represented  in  the  field  of  view  by  a  fair  number  of  crystals, 
the  latter  can  be  mentally  collected  together  and  packed  into  one  quadrant, 

and  the  fraction  which  it  fills  estimated In  the  case  of  holocrystalline 

rocks,  where  the  writer  has  been  enabled  to  check  this  method  of  estimating 
the  mineral  and  chemical  composition  by  comparison  with  laboratory  analyses, 
U  is  found  that  the  error  in  any  one  element  should  be  less  than  i  per  cent  and  is  often 
less  than  one-half  per  cent,    [The  italics  are  ours.] 

Robinson^  compared  the  Rosiwal  measurements  of  a  porphyritic 
dadte  with  the  composition  calculated  from  an  analysis  and  found 
that 

there  is  a  difference  of  3 . 2  per  cent  between  the  total  salic  components,  includ- 
ing the  excess  of  alumina  in  the  calculated  mode,  and  of  2 . 6  per  cent  between 

the  dark  components The  comparison  will  give  an  idea  of  the  accuracy 

of  the  Rosiwal  method  as  applied  to  porphyritic  lavas  containing  small  amounts 
of  minerab  of  highly  variable  size. 

Tjrrrell^  says: 

The  graphic  method  of  quantitative  mineral  measurement  invented  by 
Rosiwal  yields  sufi^ciently  accurate  results  for  classificatory  purposes  in  the 

» Ibid.y  p.  204. 

"Joseph  Barrell,  "Microscopical  Petrography  of  the  Elkhora  Mining  District, 
Jefferson  County,  Montana,"  XXII  An.  U.S,  Geol.  Surv,,  Pt.  11,  1901,  pp.  512-13. 

1  Henry  Hollister  Robinson,  "The  San  Franciscan  Volcanic  Field,  Arizona," 
U.S.  Geol.  Suro.y  Prof.  Paper  76,  1913,  p.  121. 

*G.  W.  Tjrrrell,  "A  Review  of  Igneous  Rock  Classifications,"  Science  Progress, 
1914,  pp.  74-75- 
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great  majority  of  types Notwithstanding  the  opinion  of  Williams,  the 

Rosiwal  method  of  estimation  is  capable  of  giving  extremely  accurate  results. 
The  writer  ....  has  found  the  chemical  composition  calculated  from  the 
results  of  the  Rosiwal  measurements  to  be  strikingly  accordant  with  that 
obtained  by  ordinary  chemical  analysis. 

In  view  of  Williams'  apparently  careful  study  and  rejection  of 
the  Rosiwal  and  other  microscopic  methods,  and  of  the  increasing 
use  made  of  volimietric  determinations  of  rock  constituents  by 
other  petrographers,  it  was  thought  desirable  to  repeat  the  experi- 
ments with  all  possible  precautions  against  errors  in  both  the  Rosi- 
wal and  the  heavy  solution  methods.  Williams'  study  is  apparently 
the  only  one  in  which  there  was  a  comparison  of  the  percentages 
determined  by  the  microscopic  measurement  method  and  an 
actual  separation  of  the  minerals;  all  others  are  comparisons 
between  the  former  and  recalculated  chemical  analyses,  with  all 
the  possible  errors  in  allotting  constituents  due  to  the  uncertain 
composition  of  the  dark  constituents  and  the  possible  soda  content 
of  the  orthoclase. 

The  material  chosen  for  the  experiment  by  the  present  writers 
was  the  Butte  "granite."  It  was  selected  because  it  had  been  chem- 
ically analyzed,  because  there  was  available  ample  material  from  the 
original  locality,  and  because  there  were  on  hand  six  thin  sections 
and  the  two  determinations  by  the  Rosiwal  method  made  by  others 
as  mentioned  above,  and  five  determinations  by  students  on  one 
slide  (Table  III,  coltmm  I).  Furthermore,  the  material  is  of 
fairly  uniform  grain  and  composition  in  widely  separated  localities, 
thus  giving  a  fairer  test  than  would  a  rock  differing  possibly  in 
different  sections  and  thus  probably  different  from  the  material 
analyzed. 

The  six  different  sections  were  measured  by  the  Rosiwal  method 
from  one  to  five  times  each,  fourteen  determinations  being  made  in 
all.  The  average  of  each  slide,  reduced  to  weight  percentages,  is 
shown  below.  In  Table  III  the  first  six  columns  represent  the 
six  sections;  the  number  in  parentheses  after  each  indicates  the 
number  of  times  it  was  measured.  The  seventh  and  eighth  columns 
are  the  determinations  taken  from  Cross,  Iddings,  Pirssons,  and 
Washington  and  quoted  above.    The  variations  between  the  read- 
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ings  obtained  for  the  different  sections  are  possibly  due  to  differences 
in  the  sections  themselves,  the  grain  of  the  rock  being  coarse  enough 
to  show  slight  variations.  The  last  column  shows  the  average  of 
the  sixteen  determinations,  and  not  the  average  of  the  averages. 


TABLE  III 


l(s) 


II  (i) 


III  (2) 


IV  (3) 


V(i) 


VI  (a) 


Cross,  Iddings, 
Pirrson,  and 
Washington 


Average 


Quartz. . .  . 
Orthodase. 
Plagioclase. 

Biotite 

Hornblende 
Augite. . .  . 
Magnetite . 

Apatite 

Titanite... 

Pyrite 

Zircon 


22.4 

32  9 

8.3 

4  4 

.2 


23  79 
18.15 
43  00 

8.35 
5.81 


.63 
.10 

.09 
.04 


24.76 

30- 77 
25.18 
9.70 
7.02 
1. 01 
I  SO 


20.3 
28.5 

10.8 

5-2 

13 

I  .2 


17.64 
29.11 
32.01 
10.47 

7-47 

2.76 

.58 


22.5s 

17. S7 

42.47 

9-77 

4  44 

2.37 

.76 


0.3 


•09 


.07 


20.34 
19.82 
41.48 
8.94 
S  67 
2.50 
1.02 


.04 


21.6 

2S.8 

3S.6 

9.2 

S-6 

I.I 

.8 

.0 

.0 

.2 


99  99 


99  9 


99.96 


99  94 


99  9 


100.13 


99  98 


99.81 


99  9 


For  the  separation  of  the  constituents  by  mechanical  means, 
several  methods  were  employed.  The  magnetite  was  first  removed 
by  means  of  an  electromagnet."  By  repeating  the  process  the 
material  removed  was  practically  pure.  The  biotite  was  next 
separated  by  Rosenbusch's^  method  of  shaking  the  rock  powder 
from  an  inclined  sheet  of  semi-glazed  paper.  A  remarkably  clean 
separation  resulted  as  shown  by  microscopic  examination,  only  a  few 
flat  hornblende  flakes  being  included  as  impurities.  The  remaining 
material  was  now  placed  in  a  Brogger-Harada^  tube  with  about  a 
half-pint  of  Sonstadt's  (potassium-mercuric-iodide)  solution,  and 
enough  water  was  added  to  bring  down  the  hornblende  and  augite. 
For  the  purpose  of  these  experiments  it  was  not  necessary  to  sepa- 
rate these  two  minerals,  so  it  was  not  attempted.  With  these 
minerals  the  zircon,  apatite,  and  titanite  came  down.  Thus 
far  the  separation  was  easy;  the  difference  in  color  between 
the  heavy  minerals  and   those  remaining  clearly  showed  when 

'  The  instrument  is  illustrated  and  the  method  described  in  Johannsen's  Manual 
of  Peircgraphic  Methods,  1918,  Fig.  725,  and  p.  540. 
»/6»rf.,p.  557.  >/W(/.,  p.  551. 
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the  separation  was  complete.  The  separation  of  the  plagio- 
clase  (Sp.  gr.  2.68)  from  the  quartz  (Sp.  gr.  2.65)  was  the  most 
diflScult.  As  an  mdicator,  therefore,  a  small  Herkimer  County 
quartz  crystal  wJis  placed  in  the  solution,  which  was  then  diluted 
until  the  crystal  began  to  sink,  after  which  a  very  small  amount  of 
concentrated  solution  was  added  to  make  it  slowly  rise  to  the  top- 
This  adjustment  between  the  specific  gravity  of  the  quartz  and  that 
of  the  liquid  is  here  so  delicate  that  a  slight  change  in  the  density 
of  the  solution,  such  as  results  from  a  slight  change  in  the  tempera- 
ture of  the  room,  caused  the  quartz,  which  has  a  very  small  coeflS- 
cient  of  expansion,  to  settle  during  the  night  and  rise  again  during 
the  day.  When  the  equilibrium  was  established,  the  plagioclase 
was  removed,  washed,  dried,  and  weighed  as  in  the  other  cases. 
The  quartz  was  brought  down  by  adding  enough  water  to  bring 
down  the  indicator.    The  final  material  was  the  orthoclase. 

The  greatest  objection  to  the  specific-gravity  method  seems  to 
be  the  impossibility  of  preparing  powder  which  consists  of  homo- 
geneous material.  In  many  cases  material  of  one  kind  will  cling  to 
grains  of  another  and  will  increase  or  decrease  their  specific  gravi- 
ties. The  small  amount  of  mixed  material  shows  up  very  clearly 
in  the  separation,  especially  when  between  light  and  dark  minerals, 
for  the  mixed  heavier  grayish  material  will  come  down  before  the 
pure  white  mineral,  or,  on  the  other  hand,  the  precipitated  dark 
mineral  will  be  covered  with  a  thin  layer  of  material  that  is  grayish. 
The  probabilities  are  that  the  two  errors  compensate.  The  material 
should  be  crushed  fine  enough  to  separate  each  constituent  from 
every  other,  but  not  so  fine  as  to  produce  dust,  since  some  minerals 
pulverize  much  more  readily  than  others  and  a  different  proportion 
of  each  will  be  lost,  destroying  the  accuracy  of  the  result.  A 
happy  medium  must  therefore  be  taken  between  purity  and  selec- 
tive sieving,  since  absolute  purity  cannot  be  expected.  Micro- 
scopic examination  of  a  small  amount  of  the  material  of  a  certain 
size  will  readily  make  it  possible  to  determine  whether  or  no  the 
rock  has  been  crushed  fine  enough  to  produce  a  good  separation  of 
the  constituents.  For  the  following  experiments  various-sized 
grains  were  used,  as  indicated  at  the  top  of  each  column  in 
Table  IV.    After  crushing  and  sifting,  the  total  samples  weighed 
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140-150  gms.  This  was  quartered,  and  one-fourth  of  each 
quarter  was  used  to  make  two  samples  for  determination. 
For  this  particular  rock,  grains  passing  through  a  60-mesh  sieve 
and  remaining  on  a  100  mesh  seemed  to  be  very  suitable. 


TABLE  IV 


I 
Sp.gr. 

n 

Mesh 

80-xoo 

m 

Mesh 
80-xoo 

IV 
Mesh 
60-100 

V 

Mesh 
60-100 

VI 

Mesh 
60-xoo 

vn 

Mesh 
6o>xoo 

vm 

Average 

Magnetite 

Biotite 

5.10 
3-00 

3.20I 

3-30/ 
2.68 
2.65 
2.57 

1-38 
II.  10 

6.66 

37.87 
19.21 
23.07 

1.09 
9  49 
6.93 

37  10 
21. II 
24.25 

1.42 

9-94 

6.66 

34.60 

21.35 
26.00 

1. 12 

9  74 

6.44 

31  65 
23.22 
27.06 

9^88 

6.31 
32.82 
24.65 
25.02 

I  30 
9.72 

6.25 

33.40 
23.70 
-26.06 

1.26 
9.98 

6.54 

34-57 
22.21 

Hornblende 

Augite 

Plagicclase 

Quart* 

Orthoclasc 

25  25 

99.29 

99  97 

99  97 

99-23 

100.04 

100.43 

99.81 

Comparing  now  the  final  results  of  each  of  the  three  methods, 
we  have  the  results  given  in  Table  V. 


TABLE  V 


Calculated 
from  Analysis 

Weight 

Pezcentagc 

Rosiwal 

Heavy  Solution 

Quartz 

22.86 

18.35 

39.74 

10.92 

356 

1.86 

1.86 

21.6 

3Si.6 

92 

6.7 

.8 

.2 

22.21 

Orthodase 

25-24 

34.57 

9  98 

6.54 

1.26 

Plagioclasc 

Biotite.- 

Pyribole . . . ; 

Masnetite 

Pynte,  etc 

99-15 

99  9       . 

99  83 

The  amount  of  quartz  in  the  calculated  analysis  is  practically 
the  same  as  in  the  specific-gravity  determination,  and  the  Rosiwal 
value  is  only  slightly  less. 

The  orthoclase  is  low  in  the  calculated  analysis  and  practically 
the  same  in  columns  2  and  3,  while  the  calculated  plagioclase  is 
high  as  compared  with  the  other  two  determinations.  This  is 
unquestionably  due  to  the  fact  that  the  orthoclase  carries  soda. 
In  the  computation  of  the  analysis  by  Cross,  Iddings,  Pirsson,  and 
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Washingtoa  (p.  225),  orthoclase  was  taken  as  KjO  •  AlJO^  •  dSiO^ 
in  the  place  of  the  actual  composition.  In  all  probability  the 
orthoclase-plagioclase  percentages  of  the  Rosiwal  and  specific- 
gravity  determinations  are  more  nearly  those  of  the  actual  minerals 
present  than  those  computed  from  the  chemical  analysis.  It  will  be 
seen  that  the  simis  of  the  feldspars,  58.09,  61.4,  and  59.81,  are 
not  greatly  different. 

The  sums  of  the  leucocratic  constituents  in  the  three  columns, 
80.95,  83 .00,  and  82 .02,  are  also  close  together,  as  are  the  biotite 
and  magnetite  values. 

The  only  noteworthy  variations  in  any  of  the  determinations 
are  in  the  values  of  the  remaining  constituents — the  pyribole  and 
the  pyrite.  Here  the  values  for  the  former  are  5 .42,  7.5,  and  6.54, 
and  for  the  latter,  i  .86,  0.3,  and  o.  For  the  sum  of  the  two  con- 
stituents in  each  column,  however,  we  have  7.28,  7.8,  and  6.54. 
In  the  first  place  the  sum  of  all  the  constituents  in  the  analysis 
calculated  by  Cross,  Iddings,  Pirsson,  and  Washington  in  column  i 
is  only  99 .  15,  as  against  99 .9  and  99 .81  in  the  other  two  columns; 
consequently  the  first-column  values  should  be  slightly  increased. 
The  calculated  amount  of  pyrite  (i  .86)  is  greatly  in  excess  of, that 
seen  in  any  slide  or  in  the  hand  specimen.  The  fraction  of  i  per 
cent  given  by  the  thin  section  is  much  more  nearly  correct.  When 
the  greater  part  of  the  pyrite  is  added  to  the  pyribole  in  column  i, 
the  values  are  more  nearly  the  same.  In  the  specific-gravity  deter- 
mination the  magnetite  and  biotite  were  removed  before  the  pul- 
verized material  was  placed  in  the  Sonstadt  solution,  which  was  then 
diluted  until  the  pyribole  and  the  small  amounts  of  pyrite,  apatite, 
and  zircon  present  came  down.  Therefore  these  latter  minerals  are 
included  with  the  pyribole  in  that  column.  The  rock  analysis  and 
the  thin  sections  were  clearly  from  material  slightly  more  melano- 
cratic  than  the  pulverized  rock  used  in  the  specific-gravity 
determination,  as  is  shown  by  the  difference  between  the  leuco- 
cratic-melanocratic  ratio  of  columns  i  and  2  as  against  column  3. 
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Manual  jot  the  Oil  and  Gas  Industry  under  the  Revenue  Act  of  igi8. 
By  the  U.S.  Bureau  of  Internal  Revenue  of  the  Treasury 
Department,  1919.    Pp.  136,  figs.  13. 

To  assist  the  taxpayer  of  the  oil  and  gas  industry  in  correctly 
and  expeditiously  preparing  his  Federal  tax  returns,  the  Bureau  of 
Intemau  Revenue  has  prepared  a  "  Manual  for  the  Oil  and  Gas  Industry 
Under  the  Revenue  Act  of  1918."  Although  the  endeavor  has  been 
made  to  anticipate  all  questions  that  may  be  asked  regarding  the  law 
and  r^ulations,  and  the  latter  have  been  amplified  when  it  was  deemed 
necessary  to  obtain  the  desired  result,  it  is  recognized  that  such  a  manual 
is  only  general,  and  cannot  cover  all  cases  that  may  exist.  The  Manual 
is  based  largely  upon  information  gathered  during  the  fall  of  the  year 
1918  by  a  corps  of  geologists,  technologists,  and  engineers.  The  investi- 
gation was  undertaken  primarily  to  furnish  a  basis  for  arriving  at 
valuations,  and  depletion  and  depreciation  deductions,  in  connection 
with  oil  and  gas  properties. 

The  Manual  (136  pages  and  13  plates)  is  now  being  distributed 
among  taxpayers  of  the  oil  and  gas  industry.  For  the  purposes  of  the 
Manual^  the  country  is  divided  into  seven  districts,  each  of  which  was 
handled  by  a  supervisor  and  several  assistants.  These  are:  (i)  the 
Appalachian  Field,  (2)  the  Lima-Indiana  and  Illinois  fields,  (3)  the 
Mid-Continent  Field,  (4)  the  Northern  Louisiana  Field,  (5)  the  Gulf 
Coast  Field,  (6)  the  Rocky  Mountain  District,  and  (7)  the  California 
Field. 

The  book  consists  of  three  parts:  Part  I  deals  directly  with  the  Law 
and  Regulations,  Part  II  with  the  question  of  depreciation,  and  Part 
III  consists  of  descriptions  and  methods  of  estimating  underground  oil 
reserves,  especially  by  means  of  production  curves.  A  collection  of 
curves  and  tables  covering  many  of  the  oil  fields  and  pools  in  the  United 
States  accompanies  the  text.  They  are  intended  as  a  suggestion  for 
the  guidance  of  the  taxpayer  in  the  computation  of  his  depletion  allow- 
ance. 

The  work  of  compiling  and  editing  the  material  in  the  Manual  was 
done  largely  by  A.  D.  Brokaw,  J.  L.  Darnell,  and  L.  G.  Donnelly.  The 
investigations  leading  to  the  preparation  of  the  Manual  and  its  com- 
pilation and  publication  were  under  the  general  supervision  of  Ralph 
Arnold,  Chief  of  the  Oil  and  Gas  Section. 

Copies  may  be  obtained  by  application  to  the  Commissioner  of 
Internal  Revenue,  Washington,  D.C. 
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PART  n 

THE  LYONS-GRAND  RIVER  SECTION 

After  a  consideration  of  alternative  locations  for  the  contem- 
plated study  of  the  Colorado  Rocky  Mountain  diastrophism,  a 
section  across  the  folded  belt  between  the  Great  Plains  north 
of  Denver  and  the  Uinta  Basin  west  of  Glenwood  Springs  was  se- 
lected as  offering  the  most  promise.  Among  the  advantages  thus 
offered,  it  may  be  noted  that  this  section  would  bring  in  the  char- 
acteristic en  (chdan  structure  of  the  eastern  foothills,  here  specially 
declared;'  it  would  cross  the  Front  Range  where  strongly  Hevel- 
oped;  it  would  embrace  the  wide  area  of  sedimentary  rocks  in 
Middle  Park;  it  would  traverse  a  typical  section  of  the  Park 
Range,  and  finally  beyond  this  it  would  extend  across  the  most 
representative  strip  of  the  slightly  disturbed  sedimentary  belt  to 
the  Grand  Hogback  which  terminates  the  Rocky  Mountain  folding 
on  the  west.  Such  a  section,  furthermore,  would  be  across  one  of 
the  wider  portions  of  the  Colorado  Rockies.  There  was  a  further 
advantage  growing  out  of  the  fact  that  the  Colorado  Rockies 

'This  has  recently  been  described  by  ^ctor  Ziegler,  "Foothills  Structure  in 
Northern  Colorado,"  Jour,  Geol,,  XXV  (1917),  715-40. 
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anbrace  extensive  areas  of  pre-Cambrian  granite  and  other  crys- 
talline rocks.  Over  such  areas  of  old  crystalline  rocks  it  is  difficult 
to  reconstruct  the  folds,  since  these  areas  afford  only  the  most 
meager  information  as  to  the  nature  of  the  post-Cretaceous  folding 
and  as  a  result  are  little  better  than  blank  pages  in  the  later  dias- 
trophic  story.  It  was  therefore  advisable  to  choose  a  section 
which,  though  it  be  typical  of  the  mountain  system  as  a  whole, 


Fig.  4. — Map  of  the  Lyons-Grand  River  section.  The  section  extends  along  a 
curved  line  from  the  Colorado  and  Southern  Railroad  east  of  Lyons,  to  the  western 
slope  of  the  Grand  Hogback  southwest  of  Glen  wood  Springs,  a  total  distance  of  135 
miles.  Because  of  the  adopted  curvature  the  line  of  the  section  crosses  the  axial  lines 
of  the  folds  approximately  at  right  angles. 

still  crossed  the  granite  belts  where  they  are  narrowest,  and  where 
the  belts  of  folded  sedimentary  rocks  are  widest.  This  was  accom- 
plished in  the  section  chosen. 

The  section  finally  selected  for  measurement  has  as  its  eastern 
terminus  the  bend  of  the  Colorado  and  Southern  Railroad  tracks, 
4^  miles  north  of  the  town  of  Longmont  (Niwot  sheet,  T.  3  N., 
R.  69  W.,  Sec.  II,  middle  of  S.  b'ne).  From  this  point  westward 
the  line  of  section  was  drawn  so  as  to  strike  the  bench  mark  (5,375 
feet)  in  the  town  of  Lyons,  to  pass  onward  through  Allen's  Park, 
and  across  the  continental  divide  one-fifth  of  a  mile  north  of 
Oglala  Peak  (13,147  feet).     On  the  Pacific  slope  it  continues  west- 
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ward  in  the  general  vicinity  of  the  Grand  River,  runs  by  the  raikoad 
station  at  Hot  Sulphur  Springs,  i>asses  2^  miles  north  of  State 
Bridge,  and  finally  crosses  the  city  of  Glenwood  Springs  and  the 


Fig.  5.— Lyons  sheet  (No.  i)  on  the  east  and  St.  Vrain  sheet  (No.  2)  on  the  west. 
The  restored  folds  include  all  beds  to  the  top  of  the  Laramie.  The  principal  forma- 
tions are:  (i)  pre-Cambrian  granite;  (5)  Fountain  and  Lyons  sandstones;  (6)  Lykens 
(red  beds);  (7)  Morrison;  (8)  Dakota;  (9)  Benton  and  Niobrara;  (10)  Fierre; 
(ix)  Fox  Ifills  and  Laramie.  The  layers  have  been  left  unshaded  throughout  a 
horizontal  strip  whose  base  represents  a  level  5,000  feet  above  the  sea,  and  whose  top 
is  the  tilted  peneplain  surface.  The  profile  of  the  present  land  surface  is  represented 
by  a  line  wlidch  Ues  for  the  most  part  within  this  unshaded  strip.  Each  sheet  repre- 
sents a  horizontal  distance  of  ten  miles. 


Fig.  6. — Allen's  Park  sheet  (No.  3)  on  the  east  and  Continental  Divide  sheet 
(No.  4)  on  the  west.  The  peneplain  here  reaches  its  greatest  elevation.  A  few 
monadnocks  rise  above  the  bowed  peneplain  and  today  constitute  the  high  peaks  of 
the  Front  Range.    Fig.  6  represents  a  horizontal  distance  of  twenty  miles. 

Grand  Hogback  to  the  flat-lying  strata  of  the  Uinta  Basin,  6J 
miles  southwest  of  Glenwood  Springs  (Fig.  4). 

The  trace  of  this  section  drawn  on  the  map  is  not  a  straight 
line,  for  it  was  purposely  given  a  slight  curvature  that  it  might  cross 
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the  trends  of  the  different  folds  as  nearly  at  right  angles  as  possible. 
This  curvature  was  necessitated  by  the  fact  that  the  individual 
ranges  are  not  parallel  to  one  another,  but  converge  toward  the 
south.  The  curved  section  crossing  these  ranges  at  right  angles, 
and  hence  also  normal  to  the  axial  lines  of  the  folds,  has  its  convex 


Fig.  7. — Granby  sheet  (No.  5)  on  the  right  and  Sulphur  Springs  sheet  (No.  6) 
on  the  left.  The  Middle  Park  (early  Tertiary)  beds  occupy  a  part  of  the  structural 
basin  between  Windy  Gap  and  Sulphur  Springs  while  the  Uinta  beds  appear  in  the 
lesser  basin  in  the  middle  of  the  Granby  sheet. 


Fig.  8.— Troublesome  sheet  (No.  7)  on  the  east  and  Gore  Range  sheet  (No.  8) 
on  the  west.  The  formations  are:  (i)  pre-Cambrian  granite;  (6)  Red  Beds;  (7)  Mor< 
rison;  (8)  Dakota;  (9)  and  (10)  Colorado  and  Pierre;  (11)  Fox  Hills  and  Laiamie. 
Basin  of  Uinta  beds  in  the  middle  of  the  Troublesome  sheet.  The  peneplain  rests 
upon  the  broad  crest  of  the  Gore  Range. 

side  therefore  facing  northwest.    The  total  length  of  the  section 
measured  on  this  slight  curve  is  135  miles. 

The  topographic  sheets  of  the  United  States  Geological  Survey 
as  yet  cover  only  the  eastern  portion  of  this  selected  section.  Here 
the  Niwot,  Boulder,  and  Long's  Peak  sheets  were  a  great  help  in  loca- 
ting the  field  observations  and  in  plotting  the  cross-section.    West  of 
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the  Long's  Peak  quadrangle,  one  had  to  be  satisfied  with  the  land 
surveyor's  map  of  Grand  County  and  the  Department  of  Agri- 
culture's Forest  Service  map  of  the  Holy  Cross  National  Forest, 
which  together  cover  the  remainder  of  the  section. 

Throughout  this  section  of  135  miles,  the  dips  of  the  strata 
were  read  wherever  obtainable,  and  were  plotted  to  scale  as  the 


Fig.  9.— State  Bridge  sheet  (No.  9)  on  right  and  Castle  Peak  sheet  (No.  10)  on 
left.  Formations:  (i)  pre-Cambrian;  (2)  Sawatch;  (4)  Blue  limestone;  (5)  Weber 
and  Maroon  formations;  (6)  Red  Beds;  (7)  Morrison;  (8)  Dakota;  (9)  and  (10)  Man- 
cos;  (11)  Mesa  Verde. 


Fig.  10. — Gypsum  sheet  (No.  11)  on  the  right  and  Dotsero  sheet  (No.  12)  on  the 
left.  The  peneplain  level  appears  high  above  the  present  surface  because  this  section 
is  within  the  Grand  River  Valley.    Conventions  as  before. 

basis  for  the  reconstruction  of  the  original  folded  structure.  Com- 
pared with  the  Pennsylvania  Appalachians,  the  Colorado  Rockies 
present  greater  obstacles  to  an  investigation  of  this  sort,  because 
it  is  impossible  to  obtain  equally  complete  data.  In  the  Appala- 
chians of  Pennsylvania  the  sedimentary  beds  still  persist  throughout 
the  moimtainous  region  to  such  an  extent  that  from  the  remnants 
the  original  outlines  of  the  folds  may  be  reconstructed  with  the 
assurance   of   reasonable   accuracy.    But   among   the    Colorado 
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Rockies  the  deformed  sedimentary  strata,  to  which  one  must  look 
for  the  record  of  the  folding,  have  been  completely  removed  from 
large  areas  by  the  great  denudation  which  the  region  has  suffered. 
In  those  areas  the  pre-Cambrian  granites  and  gneisses  now  con- 
stitute the  surface  formation.  Over  such  crystalline  areas  folds 
can  be  projected  only  diagrammatically  and  a  large  element  of 
error,  or  at  least  of  uncertainty,  is  necessarily  involved.  In  Middle 
Park,  sediments  of  Uinta  age,  deposited  after  the  folded  ranges 
had  been  greatly  eroded,  now  hide  from  view  several  miles  of  the 
deformed  terranes.    Tertiary  basaltic  lava  flows  ^Iso  effectively 


Fig.  II.— Glenwood  Springs  sheet  (No.  13)  and  Grand  Hogback  sheet  (No.  14), 
which  covers  the  westernmost  five  miles  of  the  section.  Formations:  (i)  pre-Cambrian 
granite;  (2)  Sawatch;  (3)  Yule  limestone  and  Parting  quartzite;  (4)  Lcadville  lime- 
stone; (5)  Weber  and  Maroon;  (6)  Red  Beds;  (7)  Morrison;  (8)  Dakota;  (9)  and 
(10)  Mancos;  (11)  Mesa  Verde.  Upturned  Eocene  beds  (mostly  Wasatch)  on  west 
maigin  of  Grand  Hogback  sheet. 

conpeal  the  folded  structures  at  a  number  of  places  in  the  section. 
Of  these  difficulties  the  basaltic  lava  covers  are  the  least  formidable, 
owing  to  their  lesser  area  and  more  patchy  pattern,  which  makes  it 
possible  in  many  places  to  infer  the  concealed  structure  from  nearby 
outcrops  of  the  folded  beds.  But  the  combination  of  these  adverse 
conditions  makes  the  Colorado  Rocky  Mountain  section  far  less 
satisfactory  than  that  of  the  Appalachians. 

The  entire  cross-section  of  135  miles  was  plotted  on  a  scale  of 
siigo  on  sheets  of  co-ordinate  |>aper  20  inches  in  length,  thus 
making  each  sheet  cover  10  miles  of  section.  Thirteen  and  a  half 
sheets  thus  compose  the  plotted  section.  But  in  computing  the 
amoimt  of  crustal  shortening  and  the  thickness  of  deformed  shell » 
the  most  easterly  3  miles  of  the  section  were  excluded  from  con- 
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sideration  because  they  are  truly  a  |>art  of  the  plains  and  do  not 
properly  belong  to  the  folded  belt.  The  truly  folded  section  is 
thus  reduced  to  132  miles  in  length  (Figs.  5-11). 

THE   SHORTENING  OF,  THE   CRUST 

Folding  of  strata  under  horizontal  compressive  stress  is  neces- 
sarily accompanied  by  a  horizontal  shortening  of  the  deformed 
portion  of  the  earth  shell.  The  compressed  mass  is  shortened  in  at 
least  one  of  its  horizontal  dimensions,  while  it  relieves  itself  by 
bulging  upward  in  the  direction  of  least  resistance.  The  first 
objective  in  our  problem  is  to  determine  the  amount  of  horizontal 
crustal  shortening  which  the  Rocky  Mountain  region  imderwent 
while  writhing  in  the  throes  of  diastrophic  revolution.  The  original 
length  of  the  Lyons-Grand  River  section  before  folding  may  be 
determined  with  some  approximation  by  measuring  the  total 
length  of  a  selected  layer  through  all  the  sinuous  bends  and  wrinkles 
which  are  recorded  on  the  plotted  cross-section.  A  small  corrective 
factor  for  the  compacting  of  materials  under  the  compression  is 
to  be  introduced.  The  present  horizontal  length  to  which  the 
section  has  been  compressed  is  simply  the  map  distance  between  the 
two  ends  of  the  section  measured  along  the  slight  curve  which  was 
chosen  so  that  the  section  shall  cross  the  folds  at  right  angles  as 
explained  on  page  227.  The  difference  between  the  length  of  the 
strata  followed  through  all  the  folds  and  faults  as  reconstructed 
and  the  present  map  distance  of  the  same  section  is  the  approxi- 
mate shortening  which  the  earth  shell  has  suffered  in  being  crumpled 
into  moimtains. 

For  measxuing  the  length  of  the  wrinkled  strata  all  members  of 
a  thick  series  of  sediments  are  not  likely  to  be  of  equal  value.  In 
folds  of  the  type  technically* known  as  similar,  the  individual  beds 
have  all  been  folded  with  the  same  curvature.'  But  in  parallel 
folds,  where  the  bedding  surfaces  are  mutually  parallel,  the  curva- 
ture of  no  two  beds  is  exactly  the  same,  and  this  difference  in  cur- 
vature implies  the  dying  out  of  the  folds  in  one  direction  or  the  other 
from  a  given  bed.  Hence  an  element  of  error  is  likely  to  be  intro- 
duced in  the  h)T)othetical  projection  of  yoimger  beds  over  eroded 

» C.  K.  Ldth,  Structural  Geology  (1913),  pp.  106-7. 
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anticlines,  or  of  older  beds  in  the  troughs  of  deep  syndines.  This 
error  increases  with  the  vertical  distance  from  the  observed  stratum. 
It  is  clear  therefore  that  cross-section  measurements  designed  to 
give  the  crustal  shortening  should  be  made  on  stratigraphic  horizons 
as  near  as  practicable  to  those  on  which  the  field  observations  were 
actually  made.  The  error  of  mechanical  projection  is  then  less 
serious. 

Competent  and  incompetent  beds  also  behave  differently  in 
folding.  Various  secondary  adjustments  between  the  different 
beds  are,  in  many  cases,  accomplished  by  minor  contortions  and 
subordinate  movements  within  the  readily  jrielding  incompetent 
layers,  which,  by  accommodating  themselves  in  buffer-like  fashion 
to  the  major  movements,  facilitate  the  folding.  The  strong, 
competent  layers,  less  subject  to  local  irregularities,  are  likely 
to  reveal  truer  estimates  of  the  shortening  of  a  region  as  a  whole. 

The  ideal  horizon  for  measurement  should  therefore  have  the 
following  qualities:  It  should  be  stratigraphically  near  the  beds  on 
which  the  observations  were  actually  made;  it  should  be  the  top 
or  bottom  of  a  rather  thin  formation  so  as  to  limit  variability; 
the  formation  should  be  resistant  and  hence  predisposed  to  outcrop 
sharply  in  the  field;  it  should  be  readily  distinguished  from  other 
formations;  and  it  shoidd  be  so  located  in  the  column  as  to  come  to 
the  surface  at  many  places  in  the  section.  Such  a  formation  in  the 
Colorado  Rockies  is  the  Dakota  sandstone.  It  is  one  of  the  most 
persistent  and  conspicuous  of  the  formations,  and  it  occupies  the 
desired  mean  position  in  the  stratigraphic  column.  The  base  of  the 
Dakota  sandstone  was  therefore  adopted  as  the  line  to  be  measured 
in  these  studies. 

On  the  cross-section  sheets  the  base  of  the  Dakota  was  followed 
through  all  the  recorded  folds  and  creriulations  with  a  thin,  flexible 
copper  wire,  which  was  bent  so  as  to  conform  to  every  change  of 
curvature.  The  wire  was  then  straightened  and  compared  with  the 
scale  for  measurement.  The  difference  between  the  length  of  the 
base  of  the  Dakota,  as  thus  measured  along  all  the  sinuosities  of 
the  section,  and  the  present  horizontal  length  of  the  section  gives 
the  amount  of  crustal  shortening.  Measuring  each  of  the  fourteen 
sheets  separately  gave  the  following  results: 


Digitized  by 


Google 


THE  BUILDING  OF  THE  COLORADO  ROCKIES  233 

No.    I.  Lyons  sheet  (westenunost  7  miles)  ^^*» 

Length  following  base  of  Dakota  sandstone 7.80 

Present  horizontal  length 7.00 

Shortening .80 

No.    3.  St.  Vrain  sheet 

Length  following  base  of  Dakota  sandstone 10.91 

Present  horizontal  length 10.00 

Shortening .91 

No.    3.  Allen's  Park  sheet 

Length  following  base  of  Dakota  sandstone 10.805 

Present  horizontal  length 10.00 

Shortening .805 

No.    4.  Continental  Divide  sheet 

Length  following  base  of  Dakota  sandstone 10.89 

Present  horizontal  length 10.00 

Shortening .89 

No.    5.  Granby  sheet 

Length  following  base  of  Dakota  sandstone 11.085 

Present  horizontal  length 10.00 

Shortening x.085 

No.    6.  Sulphiir  Springs  sheet 

Length  following  base  of  Dakota  sandstone 10.65 

Present  horizontal  length 10.00 

Shortening .65 

No.    7.  Troublesome  sheet 

Length  following  base  of  Dakota  sandstone 10.45 

Present  horizontal  length 10.00 

Shortening .45 

No.    8.  Gore  Range  sheet 

Length  following  base  of  Dakota  sandstone 10.275 

Present  horizontal  length 10.00 

Shortening .275 

No.    9.  State  Bridge  sheet 

Length  following  base  of  Dakota  sandstone 10.635 

Present  horizontal  length 10.00 

Shortening .635 
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No.  lo.  Castle  Peak  sheet  Miiei 

Length  following  base  of  Dakota  sandstone 10.20 

Present  horizontal  length 10.00 

Shortening .20 

No.  II.  Gypsum  sheet 

Length  following  base  of  Dakota  sandstone 10.235 

Present  horizontal  length 10.00 

Shortening .235 

No.  12.  Dotsero  sheet 

Length  following  base  of  Dakota  sandstone 10.29 

Present  horizontal  length 10.00 

Shortening .29 

No.  13.  Glenwood  Springs  sheet 

Length  following  base  of  Dakota  sandstone 10.265 

Present  horizontal  length 10.00 

Shortening .256 

No.  14.  Grand  Hogback  sheet 

Length  following  base  of  Dakota  sandstone 6.20 

Present  horizontal  length 5.00 

Shortening 1.20 

Summation:  Entire  Lyons-Glenwood  Springs  section 

Total  original  length  (base  of  Dakota  sandstone)     .     .  140.69 

Present  horizontal  length 132.00 

*  Total  shortening 8.69 

According  to  these  measurements,  the  lateral  thnisting  which 
produced  the  Colorado  Rockies  compressed  140. 69  miles  of  county 
into  132  miles,  thus  bringing  two  points  on  opposite  sides  of  the 
folded  belt  8  miles  closer  together  than  they  were  before  the  fold- 
ing commenced.  A  crustal  shortem'ng  of  8  miles  distributed 
throughout  a  belt  of  originally  140  miles  in  breadth  does  not  indi- 
cate very  intense  horizontal  thrusting.  The  horizontal  compression 
was  much  less  than  in  the  Pennsylvam'a  Appalachians  west  of  Har- 
risburg,  where  81  miles  were  compressed  into  66  miles,  thus  involv- 
ing a  shortening  of  15  miles  in  this  much  narrower  belt.^    The 

'/<wr.  Geol.,  XVIII  (1910),  235. 
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Colorado  Rockies  are  therefore  mountains  in  which  the  horizontally 
operating  forces  have  achieved  only  moderate  results.  Farther 
north  in  Montana  and  Alberta,  however,  the  great  overthrust 
faults  on  the  Rocky  Mountain  front  imply  that  the  horizontal 
thrusting  has  there  been  much  greater. 

THE  ELEVATION  OF  THE  FOLDED  TRACT 

When  a  region  is  folded  by  compressive  stress,  the  horizontal 
shortening  is  compensated  by  vertical  bulging,  except  in  so  far  as 
there  be  an  actual  reduction  in  the  voliune  of  the  material  deformed. 
According  to  our  fundamental  postulate,  if  the  amount  of  crustal 
shortening  and  the  amount  of  the  resulting  vertical  bulge  be  known, 
the  thickness  of  the  folded  shell  may  be  calculated.  It  is  next  in 
order  to  determine,  if  possible,  the  amoimt  of  vertical  uplift  which 
has  resulted  from  the  folding. 

The  first  requisite  for  the  determination  of  the  amount  of 
upswelling  is  a  datum-plane  above  which  the  heights  of  the  folds  are 
to  be  measured.  This  datum-plane  should  coincide  in  position  with 
the  original  surface  of  the  region  just  before  the  folding  commenced. 
The  chief  difficulty  is  to  locate  a  datxmi-plane  available  today  which 
will  correspond  in  position  to  the  original  surface  before  folding. 
Mountains  ideally  built  for  such  a  study  should  be  folded  from  a 
plain  which  was  just  at  sea-level.  A  minimxmi  of  epeirogenic 
movement  should  accom|>any  the  orogenic  disturbance.  Then 
without  the  entrance  of  any  other  diastrophic  changes  to  add  com- 
plications, erosion  should  again  reduce  the  folded  tract  completely 
to  base  level.  This  base  level  should  correspond  as  closely  as 
possible  to  the  sea-level  from  which  the  moimtains  originally 
rose.  This  base  level  would  then  constitute  the  proper  datum- 
plane  above  which  to  measure  the  heights  of  the  folds. 

The  history  of  the  Colorado  region  has  been  such  as  to  render 
it  rather  well  suited  to  a  treatment  of  this  sort.  The  dosing  stages 
of  the  Cretaceous  period  in  Colorado  witnessed  a  transition  from 
the  conditions  of  marine  sedimentation  to  those  of  terrestrial 
deposition.  Among  the  last  beds  laid  down  before  the  iuauguration 
of  the  Laramide  folding  were  vegetable  accumulations  which 
have  since  become  coal.    They  were  presimtiably  formed  in  marshes 
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which  were  very  close  to  sea-level.  The  Colorado  sea-level  at 
the  close  of  the  Cretaceous  thus  becomes  the  critical  level.  It 
was  a  plain  approximately  at  sea-kvel  which  was  arched  and 
wrinkled  into  the  Rocky  Mountains  by  the  diastrophic  throes  0! 
the  dying  Mesozoic.  Erosion  by  the  rapid  streams  which  sprang 
into  being  assailed  the  uplifted  ranges  and  in  time  reduced  them  to 
the  condition  of  a  peneplain.  But  was,  or  was  not,  the  level  of 
this  peneplain  approximately  the  same  as  the  level  of  the  plain 
which  earlier  was  folded  into  the  mountains,  and  whose  position 
today  is  such  an  important  factor  in  our  problem  ? 

If  it  were  known  that  the  peneplain  now  visible  in  various  por- 
tions of  the  Front  Range  had  been  developed  at  an  elevation  not 
greatly  above  sea-level,  and  that  no  changes  of  level  had  occurred  in 
the  interim  between  the  period  of  folding  and  the  development  of 
this  peneplain,  then  the  latter  could  be  accepted  with  confidence  as 
the  datum-plane,  and  it  would  be  proper  to  measure  the  height  of 
the  projected  folds  above  the  present  height  of  the  peneplain. 
This  of  course  presupposes  that  the  orogenic  folding  movements 
were  accompanied  by  little  epeirogenic  uplift.  If,  however,  there 
was  general  regional  uplift  along  with  the  folding  this  can  be  treated 
as  subsequently  indicated.  But  there  were,  in  all  probability, 
some  changes  Of  level  during  this  very  considerable  period  of  time 
between  the  folding  and  the  peneplain.  A  rise  of  the  sea  consequent 
upon  the  transfer  of  sediment  from  the  uplifted  lands  to  the  ocean 
floor  might  confidently  be  expected.  But  at  most  this  would 
amount  only  to  a  few  hundred  feet.*  Furthermore  it  is  to  be 
noted  that  such  a  rise  of  the  sea-level  is  in  the  nature  of  a  rettim  to 
the  late  Cretaceous  conditions  of  widely  transgressive  seas,  and 
hence  toward  the  conditions  and  level  from  which  the  Rockies 
arose. 

Far  more  to  be  feared  are  possible  uplifts  due  to  vertical 
forces  operating  independently  of  folding  movements.  There 
are  two  possibilities:  A  general  regional  uplift  might  have 
affected  the  entire  area  more  or  less  uniformly;  or  the  change  in 
level  might  have  been  confined  to  local  upbowings,  either  within 

'  R.  D.  George  has  estimated  that  the  cuttmg  away  of  the  present  contin^ts  and 
the  deposition  of  the  material  in  the  ocean  basins,  would  raise  the  sea-level  about  * 
650  feet.    Chamberlin  and  Salisbury,  Geology,  I,  545. 
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the  granite  areas  of  the  main  ranges  where  it  would  readily  escape 
notice,  or  within  the  areas  of  folded  sedimentaries,  portions  of 
which  might  have  been  raised  without  materially  increasing  the 
intensity  of  the  folding.  But  on  the  other  hand  renewed  horizontal 
thrusting  which  merely  carried  further  the  folding  process  would 
cause  no  Harm  provided  the  thickness  of  the  folded  shell  were  the 
same  as  in  the  previous  epbode  of  folding.  If  the  thickness  were 
different,  however,  such  later  deformation  would  add  a  compli- 
cating factor.  The  folded  Eocene  volcanics  at  Windy  Gap  on  the 
Grand  River  show  that  the  folding  cannot  all  be  assigned  to  a 
single  period,  and  this  later  folding  may  have  been  fully  as  intense  in 
the  region  in  question  as  the  earlier  Laramide  diastrophism. 

Although  these  are  admittedly  embarrassing  factors  which  may 
have  operated  to  some  extent  and  which,  if  they  did,  lessen  the 
accuracy  of  the  final  results,  still  it  is  believed  that  quantitatively 
they  probably  were  not  of  sufficient  magnitude  to  alter  the  general 
purport  of  the  results.  When  it  is  noted  that  the  average  height  of 
the  folded  tract  throughout  the  entire  section,  according  to 
measurements,  is  slightly  over  13,000  feet  above  the  datum-plane, 
it  is  apparent  that  a  concealed,  or  unrecognized,  uplift  of  1,000 
feet,  or  even  2,000  feet,  will  not  change  the  order  of  magnitude  or 
general  significance  of  the  results.  The  former  would  amount  to 
but  7 . 7  per  cent  of  the  total;  the  latter  to  15 .4  per  cent  of  the  total. 
It  is  also  frankly  to  be  recognized  that  the  method  of  projecting 
folds  involves  at  best  some  error,  and  that  when  granite  areas 
are  included  in  the  section  the  possible  error  becomes  just  so  much 
greater.  Such  errors  are  inevitable  owing  to  the  limitations  which 
the  section  imposes,  and  in  the  Colorado  Rocky  Mountain  case 
they  are  considerable.  Hence  it  is  believed  that  refinements  of 
method  such  as  the  introduction  of  corrective  factors  for  the  uplift- 
ing of  the  folded  region  during  the  interval  between  the  folding  and 
the  peneplain  stage,  or  for  changes  in  the  sea-level,  or  for  the 
possible  spreading  and  settling  of  the  high  standing  mountainous 
masses,  or  for  other  changes,  cease  to  be  very  vital  in  this  case, 
though  thoroughness  in  analysis  requires  their  recognition.  In  any 
case  they  would  be  likely  to  offset  one  another  more  or  less.  The 
measure  of  inevitable  error  inherent  in  the  section  itself  is  so 
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considerable  that  it  is  scarcely  worth  while  to  attempt  to  evaluate 
these  subordinate  factors. 

Recognizing  the  limitations  of  the  method,  but  believing  that 
the  probable  errors  from  these  complicating  factors  are  not  great 
enough  quantitatively  to  affect  seriously  the  general  conclusions, 
and  that  in  any  case  they  are  probably  less  than  the  errors  which 
will  always  stand  in  the  way  of  a  dynamic  study  of  these  ranges, 
owing  to  scarcity  of  data  upon  the  granite  areas,  this  investigation 
will  proceed  on  the  hypothesis  that  the  peneplain  level  today 
represents  with  fair  approximation  the  original  level  from  which 
the  folds  arose.    A  hypothetical  picture  of  this  situation  might  be 
as  follows:    The  folding  of  the  Rockies  was  accompanied  in  all 
probability  by  some  general  uplift  of  the  continent  as  a  whole. 
Suppose  that  this  uplift  brought  the  Great  Plains  belt  adjoining 
the  Rockies  to  an  elevation  of  2,000  feet  above  the  sea.    Let  us 
assimie  that  the  base-leveling  process  in  developing  the  peneplain 
caused  a  risie  of  the  sea  to  the  extent  of  500  feet.    Then  the  pene- 
plain, in  order  to  constitute  the  correct  datum-plane,  should  have 
been  formed  at  an  elevation  of  1,500  feet  above  sea-level.    Whether 
this  imperfectly  reduced  Colorado  peneplain,  featured  by  many 
large  monadnocks  and  nearly  a  thousand  miles  by  the  existent 
drainage  routes  from  either  the  Gulf  of  Mexico  or  the  Pacific 
Ocean,  may  reasonably  have  developed  at  this  elevation  is  left  to 
the  reader  to  judge. 

The  average  height  of  the  reconstructed  folded  surface  above 
this  natural  datum-plane  was  found  to  be  as  follows: 

MUes 

No.    I .  Lyons  sheet  (westernmost  7  miles)      .     .     .     .  1.51 

No.    2.  St.  Vrain  sheet 3.13 

No.    3.  Allen's  Park  sheet 3.90 

No.    4.  Continental  Divide  sheet 4.03 

No.    5.  Granby  sheet 2.18 

No.    6.  Sulphur  Springs  sheet i .  68 

No.    7.  Troublesome  sheet 2.42 

No.    8.  Gore  Range  sheet 2.40 

No.    9.  State  Bridge  sheet 2 .  24 

No.  ID.  Castle  Peak  Sheet 1.62 

No.  II.  Gypsum  sheet 1.98 

No.  12.  Dotsero  sheet 2.54 

No.  13.  Glenwood  Springs  sheet 2.83 

No.  14.  Grand  Hogback  sheet 0.43 
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These  figures  should  therefore  represent,  subject  to  the  above- 
mentioned  qualifications,  the  degree  of  uplifting  which  has  resulted 
from  the  folding  process. 

It  will  be  seen  that  in  the  matter  of  uplift  the  Grand  Hogback 
sheet  falls  far  short  of  all  the  others  and  appears  to  be  in  a  class  by 
itself.  An  inspection  of  the  Grand  Hogback  section  reveals  the 
fact  that,  while  the  eastern  half  of  the  sheet  shows  moderate  uplift, 
the  western  half,  on  the  contrary,  indicates  subsidence,  for  the 
upper  surface  of  the  Cretaceous  there  dips  more  than  5,000  feet 
below  the  datum-plane.  Only  Tertiary  rocks  are  exposed  at  the 
surface  in  the  western  portion,  and  in  fact  the  geological  map  of 
Colorado  shows  that  these  Tertiary  rocks  continue  to  the  southwest 
without  interruption  for  fully  50  miles  more — even  to  within  20 
miles  of  Grand  Junction.  This  area  west  of  the  Grand  Hogback 
constitutes  the  southeast  portion  of  the  extensive  Uinta  Basin, 
which  is  a  structural  basin  filled  with  thick  Eocene  deposits. 
Throughout  this  basin  of  heavy  Eocene  sedimentation  the  upper 
surface  of  the  Cretaceous  has  been  depressed  below  oiu-  datum- 
plane. 

The  Grand  Hogback  is  a  sharp  ridge  of  uptmned  resistant 
strata,  which  marks  the  location  of  a  sharp  monoclinal  flexure 
between  the  uplifted  Rocky  Mountain  region  on  the  east  and  the 
downwarped  Uinta  Basin  to  the  west.  A  study  of  the  Grand 
Hogback  cross-section  sheet  raises  the  question  whether  subsidence 
of  this  basin  of  Eocene  sedimentation  may  not  have  been  as  impor- 
tant in  developing  the  Grand  Hogback  monoclinal  flexure,  as 
upwarpin£^  on  the  Rocky  Mountain  side.  But  whether  subsidence 
or  uplift  has  been  the  more  effective  in  bending  the  strata,  the 
earlier  Eocene  beds  in  any  case  exhibit  essentially  as  much  folding 
as  the  underlying  Cretaceous,  indicating  that  the  flexing  for  the 
most  part  has  come  after  the  Laramide  distiu-bance.  Lfater  studies 
may  show  whether  or  not  this  bending  was  synchronous  with  the 
episode  of  folding  which  affected  the  Middle  Park  beds  near  Windy 
G^.  Because  the  extent  of  the  subsidence  sxiffered  by  the  Uinta 
basin  interferes  with  any  reliable  determination  of  uplifting  on  its 
borders,  the  Grand  Hogback  sheet  will  not  be  included  in  the  section 
used  for  estimating  the  thickness  of  the  folded  Rocky  Mountain 
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shell.  The  measured  section  will  thus  end  with  the  western  edge  of 
the  Glenwood  Springs  sheet,  i\  miles  southwest  of  Glenwood  Springs. 
Since  the  country  was  corrugated  into  the  lofty  folds  portrayed 
by  the  reconstructed  cross-section,  the  high-standing  areas  have 
been  subject  to  some  relaxational  movement.  Portions  of  the 
area  have  settled  by  the  process  of  normal  faulting.  It  is  to  be 
noted  that  all  the  faults  shown  in  the  cross-section  are  located  on 
the  limbs  of  anticlines  or  in  the  plateau-like  region  between  State 
Bridge  and  Glenwood  Springs.  The  faults  appear  to  shun  the 
synclinal  troughs.  This  would  imply  a  spreading  of  the  anticlinal 
arches  accompanied  by  downslipping  on  the  sloping  flanks.  That 
more  of  these  normal  faults  are  located  on  the  western  limbs  of 
anticlines  than  on  the  eastern  may  have  been  a  chance  matter  of 
local  conditions  and  so  of  little  import,  or  may  possibly  point 
toward  a  westward  creep  in  the  relaxational  process.  There  are 
several  theoretical  reasons  why  the  latter  might  be  looked  for, 
but  the  evidence  is  so  meager  as  to  merely  raise  the  query.  Since 
the  settling  along  these  faults  took  place  presumably  after  the  folds 
had  attained  their  growth,  the  foregoing  estimates  of  the  height  of 
the  folded  tract  have  been  made  on  the  basis  of  the  original  folds. 

THE  THICKNESS  OF  THE  FOLDED  SHELL 

Having  estimated  the  crustal  shortening  and  the  vertical 
bulging  which  have  arisen  from  the  folding,  the  depth  of  the  folded 
zone  is  to  be  calculated.  According  to  our  formula,  the  product 
of  the  present  horizontal  length  of  the  folded  section  times  the 
vertical  uplift  equals  the  product  of  the  shortening  times  the  dq)th 
of  the  folded  shell  (Fig.  12).  This  is  true  except  in  so  far  as  there 
has  been  an  actual  change  in  volume  due  to  the  compacting  of 
materials  under  the  comprehensive  stresses.  As  discussed  in  a 
previous  paper,*  the  amount  of  shortening  due  to  the  mashing  of 
the  strata  and  the  compacting  of  materials  during  folding  is  rela- 
tively small  in  comparison  to  that  resulting  from  corrugation— 
in  all  probability  not  more  than  5  per  cent.  Furthermore,  the 
shortening  due  to  the  compacting  of  the  rocks  is  more  or  less  ofifset 
by  subsequent  elongation  of  the  strata  arising  from  jointing,  from 
the  opening  of  fissures,  and  the  penetration  of  igneous  intrusions. 

»/<wr.  G«o/.,  XVin  (1910),  236-37. 
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But  as  any  corrections  for  these  qualifying  factors  on  the  basis  of 
present  information  would  be  essentially  arbitrary,  they  will  be 
passed  over  for  the  present.  Corrections  to  cover  them  can, 
however,  be  introduced  at  any  subsequent  time  if  the  necessary 
information  shoidd  become  available,  or  if  it  should  be  felt  that 
these  factors  are  of  sufficient  quantitative  importance  to  justify 
their  further  consideration. 
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Fig.  12. — Diagram  to  illustrate  the  method  of  calculating  the  depth  of  a  folded 
block.  ' 

a»the  present  horizontal  length  of  the  section 
6»the  shortening  caused  by  the  folding 
c«the  upbowing  resulting  from  the  folding 
x=the  depth  of  the  deformed  block 
Then  (a+«*«a(«+c) 

ac 

Using  the  method  above  outlined,  the  thickness  of  folded  shell 
was  calculated  separately  for  each  ten-mile  sheet  of  the  Lyons- 
Grand  River  section.    The  results  were  as  follows: 

Miles 

No.  I.  Lyons  sheet  (westernmost  7  miles)  .  .13 

No.    2.  St.  Vrain  sheet 34 

No.    3.  Allen's  Park  sheet 48 

No.    4.  Continental  Divide  sheet 45 

No.    5.  Granby  sheet 20 

No.    6.  Sulphur  Springs  sheet 26 

No.    7.  Troublesome  sheet 54 

No.    8.  Gore  Range  sheet 87 

No.    9.  State  Bridge  sheet 35 

No.  ID.  Castle  Peak  sheet 81 

No.  II.  Gypsum  sheet 84 

No.  12.  Dotsero  sheet 88 

No.  13.  Glenwood  Springs  sheet 107 
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The  results  ai^re  presented  diagrammatically  in  Fig.  13,  in  which 
each  section  has  been  represented  as  though  it  were  an  isolated 
rectangular  block,  no  attempt  being  made  to  accommodate  these 
blocks  to  one  another  as  was  done  undoubtedly  in  the  real  case. 


Fig.  13.— Diagr&mmatic  cross-section  of  the  defonned  zone  for  this  portion  of 
the  Colorado  Rockies.  The  thirteen  separate  blocks  are  numbered  in  order  from 
northeast  to  southwest.  The  heavy  black  line  gives  a  restoration  of  the  Laramie 
and  Mesa  Verde  formations  and  thus  represents  the  original  folded  surface.  The 
depth  in  miles  is  given  at  the  bottom  of  each  block.  No  attempt  is  made  to  bound 
the  deformed  zone  by  a  curved  lower  surface,  as  was  presumably  the  actual  case  in  the 
field. 

Curved  boundary  lines  would  certainly  conform  more  closely  to 
nature,  but  nothing  more  than  the  strictly  diagrammatic  block- 
outline  is  ventured  here. 

Fig.  13  appears  to  show  that  beneath  the  two  principal 
granite  ranges,  which  today  mark  the  lines  of  greatest  upfolding, 
the  disturbed  zone  reached  deeper  levels  than  on  the  immediate 
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flanks  of  the  upfolded  belts.  The  granite  mountain  belts  are  more 
deeply  rooted  than  the  less  uplifted  strips  adjacent.  They  con- 
stitute the  true  Rocky  Mountains  of  this  latitude. 

According  to  the  testimony  of  the  Lyons  sheet  the  folded  shell 
of  the  Front  Range  thins  rapidly  as  it  approaches  the  Great  Plains. 
This  repeats  in  typ^,  though  less  strikingly,  the  rise  of  the  boundary 
shearing  plane  on  the  western  border  of  the  Appalachian  Mountains 
near  Tyrone,  Pennsylvania.*  Neither  the  Lyons  section  nor  the 
Tyrone  section  developed  an  actual  fracture,  though  they  suggest 
an  approach  to  it.  But  on  the  western  border  of  the  Appalachians 
farther  south  the  boundary  shearing  plane  has  actually  emerged 
from  the  depths  as  a  strong  thrust  fault  which  separates  the 
disturbed  mountainous  belt  on  the  east  from  the  region  of  hori- 
zontal strata  on  the  west.  This  is  especially  conspicuous  in  Ten-, 
nessee.  In  close  analogy  to  this,  in  Montana  and  Alberta,  the 
Rockies  are  separated  from  the  Great  Plains  by  an  overthrust 
fault,  or  faults,  of  great  displacement.  These  instances  pointedly 
suggest  the  generalization  that  bordering  thrust  faults,  particu- 
larly on  the  inland  margin  of  a  strongly  deformed  mountain  belt 
away  from  the  assimied  active  oceanic  segment,  are  a  common, 
and  if  so  significant,  phenomenon,  especially  as  they  accord  with 
the  theory  of  mechanics.  With  greater  intensity  of  thrusting  and 
the  appropriate  rock  materials,  the  great  upfold  in  the  foothill 
belt  of  the  Colorado  Rockies  would  presumably  have  passed  into 
a  bordering  thrust  fault.^  Such  a  bordering  thrust  fault  appears 
to  have  developed  on  the  east  flank  of  the  Wet  Mountains,  where 
that  range  continues  the  Rocky  Front  en  6chelon,  south  of  the 
Arkansas  River.^  The  pre-Cambrian  granite  has  been  thrust 
eastward  over  the  Cretaceous  strata  of  the  plains  and  lower  foot- 
hills, and  also  in  one  place  over  a  conglomerate  which  has  been 
classed  tentatively  as  Arapahoe. 

The  westenmiost  four  divisions  of  the  plotted  section,  repre- 
senting the  region  of  but  slightly  disturbed  strata  between  State 

*J<mr.  Ged.,  XVm  (1910),  245,  Fig.  6. 

■  Some  local  fracturing  did  develop  at  Boulder  and  at  Golden.  See  Ziegler, 
Jour,  Geol.,  XXV  (1917),  72S-40. 

»  C.  W.  Washbume,  "The  Canon  City  Coal  Field,  Colorado,"  UJS,  Geal.  Surv,, 
^^'  3S1  (1910),  p.  342  and  PL  XVm. 
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Bridge  and  the  Grand  Hogback,  constitute  in  reality  a  plateau 
region  rather  than  a  folded  mountain  area.  This  strip  is  to  be 
considered  the  southeastern  extension  of  what  has  been  called  the 
White  River  plateau.  In  fact  the  deformation  in  the  westernmost 
forty  miles  of  the  chosen  section  was  so  slight  that  this  strip  was 
not  originally  included  in  the  folded  mountain  section  measured  in 
1915.  It  was  added  in  1916.  Fig.  13  indicates  that  beneath  this 
region  of  plateau-like  uplift  the  lateral  thrusting  movement  has 
been  distributed  through  a  thick  zone  which  has  been  deformed  only 
slightly. 

To  interpret  Fig.  13  the  deforming  movement  pictured  as  the 
result  of  thrusting  from  the  west  was  distributed  at  first  through 
a  thick  shell  in  the  plateau  region,  but  in  this  thick  zone  it  reached 
only  a  low  degree  of  intensity.  The  region  was  in  consequence  but 
feebly  wrinkled.  But  in  the  region  next  east,  where  the  Grand 
River  today  turns  abruptly  northwestward  near  State  Bridge,  the 
activity  was  concentrated  in  a  thinner  movable  zone  which  was 
far  more  Aarply  folded.  This  marks  the  western  flank  of  the 
folded  belt  which  culminated  in  the  Gore  or  Park  Range.  Next 
east  of  this,  less  folding  in  the  middle  of  the  Gore  Range  indicates 
greater  depth  of  shell  there,  followed  by  thinning  again  on  the 
eastern  flank  of  the  Gore  Range.  The  disturbed  mass  became 
thinner  again  in  the  Middle  Park  region,  where  the  uplifting  was 
relatively  less,  and  then  it  deepened  rapidly  beneath  the  Front 
Range,  where  the  uplift  was  greater,  again  thinning  out  rapidly  to 
the  edge  of  the  Great  Plains,  which  border  the  folded  belt  on  the 
east.  In  this  way  the  Front  Range  repeated  the  wedge-shaped 
block  of  the  Park  Range. 

These  results  are  based  on  the  assumption  that  the  shortening 
has  remained  the  same  throughout  the  full  depth  of  each  deformed 
block.  If  the  shortening,  in  reality,  increases  with  depth  these 
figures  are  overestimates  of  the  thickness  of  the  folded  shell.  But 
on  the  other  hand,  if  it  be  true  that  there  was  less  folding  and  less 
shortening  in  the  deeper  portions  of  these  blocks,  these  fiigures  are 
underestimates  of  the  depths  to  which  the  folding  extended.  Of 
the  two  alternatives  the  latter  seems  the  more  probable.  With 
increasing  depth  below  the  surface,  the  resistance  of  the  rocks  to 
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deformation  steadily  increases,  thus  necessitating  greater  and 
greater  stress  differences  in  order  to  cause  folding.  Unless  the 
stress  differences  increase  as  rapidly  as  does  the  resistance  with 
increasing  depth  below  the  surface,  folding,  instead  of  becoming 
easier  in  the  deeper  levels  as  the  time-honored  doctrines  have 
taught,  becomes  more  and  more  difficult  and  hence  less  effective/ 
Daly  has  called  attention  to  the  fact  that  in  the  Selkirk  Range  of 
British  Colimibia  the  Shuswap  terrane  of  presmnable  Archean  age 
has  escaped  much  of  the  folding  which  so  powerfully  affected  the 
younger  rock  systems.  The  basement  rocks  show  comparatively 
slight  deformation,  from  which  Daly  concluded  that  '^the  earth 
shell  engaged  in  the  post-Shuswap  orogeny  was  only  a  few  miles, 
perhaps  6  or  8  miles,  in  depth.  Over  the  Shuswap  terrane  this 
shell  was  thrust  and  crumpled. "' 

Beneath  the  surface  the  sharpness  of  folding  probably  at  first 
increases  down  to  a  level  of  greatest  folding,  below  which  it  agam 
diminishes.  With  increasing  depth  below  the  level  of  shari)est 
folding,  the  folds  of  the  wrinkled  shell  may  either  die  out  gradually 
or  the  adjustment  may  be  accomplished  by*  shearing  between  the 
uH>er,  more  movable  portion  and  the  lower,  less  movable  portion. 
Fig.  13  is  based  on  the  assumption  of  undiminished  intensity  of 
folding  throughout  the  full  depth  of  each  deformed  block,  and 
hence  calls  for  adjustment  by  shearing  below.  In  the  actual  case 
the  adjustment  was  probably  accomplished,  not  by  shearing  alone, 
but  by  some  combination  of  the  two  processes.  But  at  present 
the  relative  importance  of  the  two  cannot  be  decided,  except  upon 
arbitrary  assumptions.  Too  much  weight  must,  therefore,  not  be 
given  to  the  precise  figures  for  the  depth  of  the  various  blocks. 

Estimates  of  the  depth  of  deformed  shell  by  this  method  are 
subject  to  modification  for  such  uplifts  as  were  not  occasioned  by 
the  horizontal  compression.  In  this  section  of  the  Colorado 
Rockies  it  is  quite  possible  that  upbowing  has  recurred  along  the 

'  F.  D.  Adams  and  J.  A.  Bancroft, "  On  the  Amount  of  Internal  Friction  Developed 
in  Rocks  during  Defonnation  and  on  the  Relative  Plasticity  of  Different  Types  of 
Rocks,"  Jowr.  Ged.,  XXV  (1917),  597-637. 

'  Reginald  A.  Daly,  "A  Geological  Reconnaissance  between  Golden  and  Kamloops, 
B.C.,  along  the  Canadian  Pacific  Railway,"  Gcol.  Survey  of  Canada ^  Mem.  68  (191 5), 
pp.  53-55. 
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old  lines  of  yielding  during  the  critical  interval  between  the  folding 
of  the  mountains  and  the  estabUshment  of  the  peneplain,  and  any 
such  vertical  movement  whose  occurrence  and  extent  have  not  been 
detected  and  duly  covered  by  a  correction,  would  reduce  the  accur- 
acy of  the  calculated  results.  But  on  the  other  hand,  any  uplifts 
subsequent  to  the  development  of  the  peneplain  do  not  in  any  way 
enter  into  the  problem,  for  the  adopted  method  of  treatment  elimi- 
nates their  influence.  The  testimony  of  folded  mountain  ranges  in 
general  is  to  the  effect  that  later  episodes  of  yielding  commonly 
follow  along  the  lines  of  earlier  folding,  doubtless  because  they  have 
become  the  lines  of  least  resistance.  These  later  episodes  of  diastro- 
phism  may  obviously  be  either  further  folding  under  compressive 
stress  or  uplifts  with  but  little  folding.  The  effect  of  the  latter 
possibility  in  the  case  imder  discussion  would  be  to  increase  the 
height  of  the  folded  section,  without  correspondingly  adding  to 
the  measured  shortening,  and  thus  make  the  calculated  depths  of 
the  Gore  Range  block  and  Front  Range  block  too  great.  The  other 
alternative  of  further  folding  along  the  old  lines  is  less  serious,  for, 
as  has  been  stated  before,  the  outcome  of  the  computations  will  be 
the  same  whether  the  folding  all  took  place  at  one  time  or  at  differ- 
ent times,  provided  the  same  thickness  of  shell  was  affected  each 
time.  If  two  or  more  episodes  of  folding  deformed  different  thick- 
nesses of  shell,  the  computed  depth  resulting  from  the  adq)ted 
method  of  treatment  would  be  in  the  nature  of  an  average.  In  this 
connection  it  is  of  significance  to  note  the  statement  of  Hills  that 
the  post-Bridger  folding  was  essentially  a  continuation  of  the  post- 
Laramie  folding,  for  the  second  movement  began  where  the  first 
terminated,  and  if  the  post-Laramie  movement  had  been  further  con- 
tinued the  resulting  structure  might  ultimately  have  been  the  same.' 
In  contrast  to  uplifting,  any  subsidence  of  intermontane  basins 
of  deposition,  or  local  downwarping,  during  the  critical  interval 
between  the  mountain  folding  and  the  development  of  the  pene- 
plain would  tend  to  offset  the  bulging  effect  of  the  folding  process, 
and  thus  lead  to  a  too  low  estimate  of  the  height  of  the  folded 
tract.    This  in  turn  would  result  in  giving  an  underestimate  of 

'  R.  C.  Hills,  "Orographic  and  Structural  Features  of  Rocky  Mountain  Geology," 
Proc.  Colo.  Set,  Soc.,  Ill  (1888-90),  419.        ' 
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the  depth  of  the  folded  block.  In  certain  portions  of  the  Granby, 
Sulphur  Springs,  and  Troublesome  areas,  beds  of  Uinta  age  occupy 
several  basins  below  the  peneplain  level.  The  position  of  these, 
beds  strongly  suggests  a  sinking  of  these  basins  under  the  accumu- 
lation of  early  Tertiary  times.  Though  the  extent -of  the  settling 
probably  was  not  great,  still  it  may  have  been  suflScient  to  cause 
the  calculations  to  assign  a  somewhat  too  meager  depth  to  the 
rather  shallow  Granby  and  Sulphur  Springs  blocks. 

In  the  foregoing  computations  only  the  crustal  shortening  at 
right  angles  to  the  trend  of  the.  ranges  has  been  considered.  But 
folds  are  properly  considered  in  three  dimensions,  and  some  longi- 
tudinal warping  and  pitching  of  the  folds  is  to  be  expected. 
Longitudinal  warping  would  involve  crustal  shortening  in  a  direc- 
tion parallel  to  the  trend  of  the  range  and  at  right  angles  to  the 
shortening  above  considered.  The  folds  measured  in  the  Lyons- 
Grand  River  section  exhibit  pitching  in  some  places,  but  this  did 
not  appear  suflSdently  pronounced  to  justify  the  extra  field  work 
necessary  to  measure  the  northwest-southeast  warping  for  the  differ- 
ent sections.  The  warping  at  right  angles  to  the  main  folding  was 
most  apparent  in  the  State  Bridge  and  Glenwood  Springs  sheets. 
This  minor  warping,  like  the  major  folding,  causes  upswelling  of 
the  folded  tract.  Hence  in  practice  the  effect  of  ignoring  the  minor 
warping  in  the  direction  of  the  ranges  is  to  assign  all  the  observed 
upswelling  to  the  work  of  the  major  folding  and  thus  obtain  an 
overestimate  of  the  depth  of  the  folded  zone. 

There  are  therefore  certain  subsidiary  considerations,  such  as 
uncorrected  uplifts  subsequent  to  the  folding,  and  the  neglect  of 
upswelling  from  longitudinal  warping  whose  influence  is  to  cause 
overestimates  of  the  depth  of  folded  shell.  But  over  against  these 
is  the  uncorrected  sinking  of  certain  areas  of  Eocene  sedimentation, 
and  the  assumption  of  imiform  shortening  throughout  the  full 
thickness  of  each  deformed  block,  whose  probable  influence  is  to 
cause  imderestimates  of  the  depth.  In  all  probability  each  of 
these  is  the  source  of  some  error.  How  nearly  they  offset  each 
other  and  so  cancel  out  of  the  equation  cannot  be  told  at  present. 
But  they  probably  do  not  greatly  modify  the  general  order  of 
magnitude  of  the  calculated  results. 
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GENERAL  DISCUSSION  AND   CONCLUSIONS 

These  studies  would  seem  to  show  that  the  Colorado  Rockies 
<iiffer  in  several  notable  respects  from  4Jie  folded,  Appalachians  of 
Pennsylvania. 

1.  They  hjCve  suffered,  in  the  first  place,  much  less  horizontal 
compression.  From  the  Great  Plains  to  the  Uinta  Basin,  140 
miles  of  country  were  compressed  into  132  miles,  thus  involving  a 
shortening  of  only  8  miles,  while  west  of  Harrisburg  alone  81  miles 
of  strata  were  squeezed  into  66  miles  of  present  Appalachians,  which 
means  a  shortening  of  15  miles  in 'this  much  narrower  belt.  This 
does  not  include  the  folding  in  the  metamorphic  belt  east  of 
Harrisburg. 

2.  A  much  thicker  shell  seems  to  have  been  involved  in  the 
Rocky  Mountain  diastrophism  than  was  actively  deformed  in  the 
Appalachian  folding.  The  apex  of  the  Pennsylvania  Appalachian 
wedge  was  but  32  miles  below  the  surface,  while  the  roots  of  the 
Gorfi  Range  reached  a  depth  of  87  miles  and  the  plateau  tract  near 
Glenwood  Springs  had  a  depth  of  107  miles. 

3.  Vertical  lifting  and  plateau-forming  movements  have  been 
more  pronounced  in  the  Rockies  than  in  the  Appalachians.  This 
is  indicated  both  by  the  outcome  of  this  analysis,  and  also  by  the 
present  high  altitude  of  the  Colorado  Front  Range  peneplain, 
though  the  elevation  of  the  latter,  to  be  sure,  came  long  after  the 
principal  folding,  which  is  the  basis  of  this  investigation. 

4.  The  formation  of  the  Colorado  Rockies  was  accompanied  by 
much  more  vulcanism  than  the  formation  of  the  Appalachians. 

These  conclusions  lead  naturally  onward  to  certain  additional 
deductions  and  further  applications.  These  specific  results  confirm 
the  principle  that  there  is  an  inherent  relation  between  thickness 
of  shell  actively  involved  and  intensity  of  deformation.  This 
justifies  the  conclusion  that  moimtain  ranges  displaying  intense 
folding,  thrust  faulting,  and  dynamic  metamorphism  resulting  from 
extreme  horizontal  compression  are  associated  with  a  thin,  shallow 
shell.  This  thin,  movable  shell,  which  has  been  greatly  folded  and 
faulted,  shears  upon  the  less  yielding  base  beneath  it.  Ranges  of 
this  sort  are  the  Appalachians  and  presumably  the  Jura,  Alps, 
Scottish  Highlands,  Scandinavian  chain,  and  others  of  great  short- 


Digitized  by 


Google 


THE  BUILDING  OF  THE  COLORADO  ROCKIES  249 

ening  and  intense  horizontal  thrusting.  If  the  active  crumpling  in 
a  range  like  the  Alps  were  not  confined  to  a  very  thin  shell  the  result- 
ing vertical  bulge  would  be  stupendous. 

Those  ranges  in  which  a  much  thicker  shell  has  yielded  to  the 
stresses  are  characterized  by  open,  gentle  folding,  only  moderate 
shortening,  but  more  pronounced  vertical  lifting.  The  Colorado 
Rockies  belong  to  this  group.  Moderate  folding  distributed 
through  the  thicker  zone  accomplishes  the  same  amount  of  vertical 
bulging  as  greater  shortening  of  a  thinner  zone.  Shearing  along 
a  few  well-defined  planes  may  well  be  a  less  important  means  of 
adjustment  beneath  the  thicker  deformed  zone  than  beneath  the 
thinner  one.  Adjustment  in  the  thicker  zone  is  probably  due  to 
gradual  accommodation  by  the  slow  dying  out  of  folds  below,  with 
perhaps  more  or  less  local,  distributive  shearing.  Upward  yielding 
in  the  direction  of  least  resistance  being  relatively  more  conspicuous 
than  horizontal  movement  when  a  thick  shell  is  deformed,  this 
type  of  moimtain  building  crowds  closely  on  the  borders  of  the 
plateau-forming  type  of  diastrophism.  The  western  portion  of 
theXyons-Grand  River  section,  from  State  Bridge  to  the  Grand 
Hogback,  where  the  disturbed  zone  had  a  thickness  rising  from  81 
to  107  miles,  portrays  what  was  essentially  a  plateau  uplift,  and 
suggests  the  actual  merging  of  this  mountain  type  into  the  plateau 
type. 

An  incidental  feature  of  some  significance  is  the  bordering  thrust 
fault  observed  in  several  instances  on  the  inland  margin  of  a  strongly 
deformed  moimtain  belt  farthest  removed  from  the  oceanic  segment 
from  which  the  thrusting  presumably  has  come. 

Since  the  Laramide  disturbance  the  Colorado  Rocky  Mountain 
region  has  been  the  scene  of  much  vulcanism.  The  products  of 
this,  in  places,  have  obscured  the  folded  strata  beneath,  and  thus 
have  ddded  materially  to  the  difficulty  of  making  an  accurate 
cross-section  of  the  mountainous  belt.  In  general,  Tertiary  vul- 
canism has  been  a  prevailing  phenomenon  throughout  the  Rockies 
from  Montana  to  New  Mexico.  In  the  region  of  the  present  Appa- 
lachian Mountains,  on  the  other  hand,  there  has  been  very  little 
vulcanism.  There  were  the  Upper  Triassic  lavas  of  the  Newark 
series,  to  be  sure,  but  they  were  east  of  the  present  mountains  and, 
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breaking  out  long  after  the  Appalachian  folding,  they  appear  to 
be  genetically  related  to  faulting  nearer  the  coast  in  a  diastrophic 
movement  which  occurred  toward  the  close  of  the  Triassic.  Lavas 
and  tuffs  caused  no  trouble  in  measuring  the  Pennsylvania  moun- 
tainous section. 

In  view  of  the  fact  that  the  Pennsylvania  Appalachians,  which 
show  less  volcanic  activity,  have  resulted  from  the  crumpling  of  a 
comparatively  thin  surface  shell,  while  the  Colorado  Rockies,  with 
more  extensive  vulcanism,  involved  a  thicker  shell,  it  is  suggested 
that  there  probably  is  a  genetic  relation  between  the  depth  to  which 
the  roots  of  a  mountain  range  extend  and  the  amoimt  of  vulcanism 
associated  with  it.  It  seems  very  rational  a  priori  that  if  the  zone 
disturbed  in  the  formation  of  a  folded  range  does  not  extend  far 
below  the  surface,  it  would  not  be  likely  to  lead  to  the  generation  of 
magmas  nor  greatly  facilitate  their  escape  if  already  present  in  the 
imdisturbed  depths  below,  even  though  the  folded  zone  itself  may 
be  intensely  deformed  and  shear  strongly  over  the  underlying  base. 
But  if,  on  the  other  hand,  the  disturbed  zone  reaches  down  to 
considerably  greater  depths,  even  though  the  deformation  itseff  be 
not  so  intense,  it  may  readily  afford  better  opportimities  for  the 
generation  or  the  rise  of  magma  to  the  surface.  At  many  points 
the  difference  in  depth  of  disturbance  may  be  suflBident  to  decide 
between  a  rise  of  magma  and  no  upward  movement  of  the  magma, 
or  by  operating  through  relief  of  pressure,  perhaps  decide  between 
potential  magma  and  actual  magma. 

On  theoretical  groimds  the  thin-shell  moimtains  should  be 
accompanied  in  their  growth  by  relatively  little  vulcanism,  while 
the  growth  of  thick-shell  mountains  should  be  attended  by  relatively 
greater  outpourings  of  lava.  Looking  over  the  mountam  systems  of 
the  globe  one  might  select,  as  some  of  the  conspicuous  illustrations 
of  sharp  folding,  great  thrust  faulting,  and  much  crustal*  short- 
ening, the  Alps,  the  Scandinavian  chain,  the  Scottish  High- 
lands, the  Backbone  Range  of  Brazil,  and  perhaps  the  Rocky 
Mountains  of  Alberta.  These  would  seem  to  be  mountains  of  the 
thin-shell  type  as  nearly  as  can  be  judged  without  actual  measure- 
ments upon  them.  In  each  of  these  cases  it  will  be  observed  that 
only  moderate  igneous  activity  was  associated  with  the  moimtain 
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building.  This  seems  perhaps  the  more  remarkable  when  it  is 
considered  that  any  great  disturbance  of  the  outer  portion  of  the 
earth  is  likely  to  stimulate  outward  movements  of  liquid  magmas, 
and  in  some  cases  through  relief  of  pressure  actually  to  cause 
liquefaction  and  the  development  of  magmas. 

As  representatives  of  the  thicker-shell  type  of  moimtains  in 
livhich  vertical  movements  are  more  pronounced,  and  horizontal 
thrusting  and  shortening  l^ss  conspicuous,  one  might  select  in 
addition  to  the  Colorado  Rockies,  the  Cascades  on  the  Pacific 
Coast,'  the  great  chains  of  Andes,  particularly  the  Western  Andes, 
and  the  Abyssinian  Moimtains.  The  extravasation  of  vast  floods 
of  lava  marked  the  growth  of  these  ranges.  In  the  light  of  this 
inquiry,  it  may  be  inferred  that  these  mountains  had  deeper  roots 
than  the  more  sharply  folded  ranges,  and  that  this  greater  depth 
of  disturbance  was  an  important  factor  in  causing  the  greater 
igneous  outbursts. 

In  final  simimation  it  may  be  remarked  that  within  Colorado  the 
Rocky  Moimtain  system  is  characterized  by  open,  gentle  folding, 
moderate  crustal  shortening  affecting  a  zone  several  scores  of 
miles  in  depth  in  its  deeper  portions,  by  strong  uplifting,  and  by 
the  extrusion  of  much  lava.  Extending  the  range  of  view,  it  is  to  be 
noted  that  this  dominantly  vertical  diastrophism  with  its  ample 
outpourings  of  lava  is  typical  of  much  of  the  western  United  States. 
On  the  other  hand,  in  northwestenmiost  Montana  and  throughout 
Alberta,  the  ranges  of  the  Rocky  Moimtain  system  exhibit  low 
angle  thrust  faulting  on  a  grand  scale,  greater  crustal  shortening 
which  presiunably  has  affected  a  thinner  surface  shell,  and  has 
been  accompanied  by  less  volcanic  activity.  It  thus  appears  that 
a  single  moimtain  system  of  great  length  may  develop  both  types 
of  deformation  in  different  portions  of  its  extent.  ' 

*  See  Bailey  Willis,  "  Phy^ogiaphy  and  Deformation  of  the  Wenatchee-Chelan 
District,  Cascade  Range,"  (7.  S.  GeoL  Surv.,  Prof.  Paper  zg  (1903),  pp.  95-97. 
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ALEX.  W.  McCOY 
Empire  Gas  and  Fuel  Company,  Bartlesville,  Oklahoma 


Petroleum  deposits  of  commercial  importance  occur  in  sedi- 
mentary rocks.  The  great  majority  of  such  deposits  in  the 
mid-continent  field  are  found  in  sands  or  in  thin-bedded  porous 
limestones  with  intervening  shales.  These  shales  are  generally 
dark  colored,  often  black,  and  carry  bands  of  highly  bituminous 
material.  Paying  amounts  of  oil  have  not  been  foimd  in  very 
thick  sandstones  or  limestones  without  notable  shale  "breaks,"^ 
or  without  being  closely  associated  with  shale  horizons.  Even 
the  Bartlesville,  the  thickest  pay  sand  of  the  region,  shows  many 
black  shale  partings  when  the  cuttings  of  each  screw  are  examined 
carefully. 

The  examination  of  a  number  of  such  cuttings  in  the  prox- 
imity of  many  different  oil  sands  throughout  the  mid-continent 
field  reveals  the  fact  that  black  bituminous  shales  are  invariably 
present.^  These  beds  are  often  described  by  the  drillers  as  coal, 
asphalt,  or  black  lime,  according  to  the  hardness  and  appearance  of 
the  material.  The  shales  are  typical  oil  shales,  quite  similar 
in  character  to  those  of  Colorado  and  Utah.  The  bituminous 
material  occurs  in  solid  form  as  none  of  the  ordinary  solvents 
show  coloration  after  solution  tests.  Upon  distillation,  such  shales 
have  given  oflf  petroleiun-hydrocarbons.  The  sands  are  entirely 
bafren  of  such  compounds. 

Before  concentrations  of  petroleiun  can  take  place,  it  is  neces- 
sary that  this  solid  organic  gum  called  kerogen  be  changed  so 
that  liquid  hydrocarbons  are  formed.     Such  a  change  has  com- 

'  Published  through  courtesy  of  the  Empire  Gas  and  Fuel  Company. 

'Drillers  are  accustomed  to  speak  of  thin  changes  in  a  thick  formation  as 
"breaks." 

'  In  cuttings  examined  to  date  the  one  exception  to  this  statement  is  the  Hoy 
(i,xoo  feet)  sand  of  the  Garber,  Oklahoma,  field. 
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monly  been  made  in  the  laboratory  by  heating.  However,  the 
majority  of  oil  deposits  are  located  in  the  upper  3,000  feet  of  sedi- 
ment, and  evidence  that  the  necessary  distillation  temperature  of 
450®  F.  has  ever  been  reached  at  such  places  is  quite  lacking.  Oil- 
field waters  of  this  region  are  seldom  above  100°  F.  in  temperature, 
ranging  generally  from  80  to  90^  F.  Consequently  it  is  difficult 
to  explain  the  reduction  of  liquid  oil  from  bituminous  shales 
by  heat,  except  possibly  in  very  limited  local  areas  of  intense 
friction.  Even  in  such  cases  the  amount  of  heat  is  highly 
problematical. 

The  other  most  important  factor  below  the  surface  of  the  earth 
is  pressure.  Pressiure  alone  can  cause  no  change  in  this  material 
when  the  included  water  is  not  allowed  to  escape,  and  the  shales 
are  only  compacted  when  the  water  is  given  free  passage. 

These  facts  led  to  a  laboratory  investigation  of  rock  flowage 
upon  the  hypothesis  that  the  mechanical  energy  or  work  done 
upon  the  shale  by  applying  a  force  through  a  distance  would 
accomplish  the  same  results  as  the  equivalent  amount  of  heat 
energy.  The  experiment  was  carried  out  by  Mr.  E.  A.  Trager 
and  the  author,  similar  to  the  experiments  of  Adams  and 
Bancroft.' 

I.  Description  of  flowage  experimerU. — Cylindrical  steel  bars  (Fig.  i)  were 
sawed  in  lengths  of  about  3  inches  and  bored  into  tubes  having  an  inside 
diameter  of  2  cm.  The  thickness  of  the  walls  in  the  center  of  the  cylinders 
was  reduced  to  o .  25  cm.  Pistons  of  steel  were  turned  to  fit  the  tubes.  Cylin- 
drical pieces  of  an  oil  shale  (yielding  25  gallons  per  ton  and  having  a  crushing 
strength  of  about  3,000  poimds  per  square  inch)  were  cut  into  i-inch  lengths 
and  placed  in  the  center  of  the  tubes,  where  the  thickness  of  the  walls  was 
reduced.  The  pistons  were  then  inserted  on  either  side  of  the  shale  cylinder 
and  pressure  was  applied  to  them  in  a  Riehle  compression  machine,  thus 
squeezing  the  shale  and  eventually  bulging  the  tubes  in  the  center.  By  so 
doing,  the  shale  was  made  to  flow.  No  appreciable  amount  of  heat  was 
was  developed.  Solution  tests  taken  before  the  experiment  gave  no  indication 
of  liquid  hydrocarbons,  while  those  taken  after  flowage  with  the  same  shale 
gave  strong  coloration.  In  some  cases,  after  the  experiment  small  globules 
of  oil  could  be  seen  in  the  shale  with  a  hand  lens.    The  steel  tubes  necessitated 

*  Adams  and  Bancroft,  "On  the  Amount  of  Internal  Friction  Developed  in  Rocks 
during  Deformation  and  on  the  Relative  Plasticity  of  Different  Types  of  Rocks," 
Jour,  Geol.,  XXV,  597. 
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such  a  great  pressure  to  make  the  bulging  that  tubes  of  brass  and  softer 
metals  were  tried.  The  results  were  substantially  the  same.  Details  of  this 
work  will  be  described  in  some  later  paper.' 

The  experiment  is  referred  to  here  in  order  to  show  how  liquid 
hydrocarbons  may  be  formed  in  the  shales  from  the  solid  bitumi- 
nous material  at  ordinary  temperatures  and  under  pressures  of 
S,ooo  to  6,000  pounds,  such  as  exist  at  the  depth  *of  oil-bearing 
horizons;  and  that  the  only  places  where  such  compounds  would 
be  formed  are  in  areas  of  differential  movement. 


Before  Compression  After  Compression 

Fig.  I. — Longitudinal  section  through  steel  cylinder  indpsing  rock  column 

After  the  oil  is  once  formed  in  the  shales,  it  is  collected  in  the 
porous  zones  by  water.  The  action  is  one  commonly  called 
"Capillary  Concentration."*  Water,  having  a  greater  surface 
tension  and  adhesion  for  shale  particles  than  oil,  moves  into  the 
smaller  openings  of  the  shale,  and  the  oil  is  thus  forced  into  the 
larger  openings  of  the  porous  water  horizons.  Before  this  can 
take  place,  the  water  sand  or  reservoir  rock  must  come  in  direct 

'  Unpublished  manuscript  of  £.  A.  Trager  and  the  author. 

•  C.  W.  Washburae,  American  Institute  Mining  Engineers^  1914,  p.  830. 
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contact  with  the  oil-soaked  shale.  Oil  shales  are  usually  sepa- 
rated from  sand  or  porous  rock  by  barren  shales.  These  over-  , 
lying  and  underlying  a  water  stratum  would  be  saturated  with  /iya 
capillary  water,  and  it  would  be  impossible  for  oil  to  migrate 
through  even  a  very  thin  water  shale,  for  reasons  stated  later. 
It  then  becomes  necessary  for  breaks  in  the  intervening  shale 
to  occur  so  that  the.  water  may  come  in  direct  contact  with  the 
oil-soaked  horizon.  Such  conditions  can  be  brought  about  only 
by  faulting  or  jointing.  A  very  small  displacement  or  a  slight 
open  joint  may  give  the  water  from  large  openings  a  chance  to 


Fig.  2. — ^Diagram  of  apparatus  for  accumulation  ezpenment  before  partition  was 
removed,  showing  oil  in  shale  marked  "D." 

enter  the  oil-soaked  shale  and  the  oil  to  exchange  places  with  the 
water.  To  substantially  back  these  statements,  the  following 
experiment  is  offered: 

2.  Description  of  accumulation  experiment. — ^A  water-soaked  sand  bed  (B) 
two  inches  thick  was  placed  in  a  glass  box  i8  in.  by  6 in.  by  6  in.  (Fig.  2).  In 
the  center  of  the  box  a  celluloid  sheet  partition  was  set  at  a  slight  angle  to  the 
vertical  and  effectively  sealed  to  the  sides  and  bottom  of  the  box  with  putty. 
£ach  division  of  the  box  was  then  water-tight.  The  sand  bed  was  built 
higher  on  one  side  of  the  partition  than  on  the  other;  the  beds  on  each  side 
of  the  partition  were  slightly  sloping  in  the  same  direction,  representing  a 
normal  fault.  About  one  inch  below  the  top  of  the  sand  bed  was  a  thin  layer 
of  coarser  sand  (^4)  running  imiformly  throughout.  Water-soaked  mud  (C) 
from  ground  shale  (passing  a  200-mesh  sieve)  was  placed  above  the  sand. 
This  layer  was  about  one  inch  thick.  Then  a  one-inch  layer  of  oil-soaked 
mud  (P)  was  built  over  the  area  adjoining  the  celluloid  partition,  but  not 
extending  to  the  comers  of  the  box.  The  reason  for  not  covering  the  entire 
area  with  oil-soaked  shale  was  to  avoid  the  fittings  around  the  comers  as  a 
perfect  seal  is  hard  to  accomplish  in  comers  of  such  a  small  box.    The 
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remainder  of  the  box  was  filled  with  water  shale.  Each  formation  had  the 
corresponding  displacement  on  either  side  of  the  partition.  The  box  was 
allowed  to  stand  for  twenty-four  hours.  No  movement  of  the  oil  was  notice- 
able after  that  time.  The  celluloid  partition  was  then  carefully  pulled  out 
so  that  the  beds  were  imdisturbed  and  the  softer  beds  of  the  shale  immedi- 
ately closed  the  small  opening  left  by  the  removal  of  the  sheet.  Within  one 
hour  from  this  time  oil  began  to  collect  in  the  porous  layer  of  the  sand.  This 
continued  for  several  hours  until  the  porous  sand  was  nearly  filled  on  each 


Fig.  3. — Diagram  of  apparatus  for  accumulation  experiment  after  partition 
removed,  showing  oil  partially  replaced  from  *'D"  and  acctunulated  in  "A." 


Fig.  4. — Photograph  of  apparatus  used  in  Experiment  2,  showing  the  accumula- 
tion of  oil  in  the  sand. 

side  of  the  represented  fault  (Fig.  3).  Capillary  water  partially  had  replaced 
the  oil  in  the  original  oil-soaked  shale  and  had  sealed  the  remaining  oil  com- 
pletely in  the  center  of  the  shale  body.  After  the  oil  had  come  to  an  equi- 
librium in  the  sand,  it  did  not  move  apparently  up  the  dip  but  remained  in  the 
porous  zone  surrounded  by  water.  The  relative  position  of  oil  and  water 
was  stationary  until  the  experiment  was  torn  down  two  weeks  later.  Note 
photograph  shown  in  Fig.  4. 

The  foregoing  evidence  shows  that  liquid  petroleum  in  shale 
cannot  move  into  the  porous  water  horizons  until  the  intervening 
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barren  shales  are  opened  by  joints  or  the  oil  shale  layer  faulted 
against  water  strata.' 

,  Capillary  action  is  very  slightly  increased  with  the  increase 
of  pressure,*  consequently  the  movements  underground  are  not 
materially  different  from  those  in  the  laboratory.  The  action, 
however,  varies  with  the  absolute  temperature  of  the  liquids,  but 
in  the  upper  5,000  feet  of  sediment  the  temperatures  would  not 
alter  the  actions  as  described. 

When  the  oil  once  reaches  the  sand  or  porous  zone,  it  adjusts 
itself  to  occupy  the  larger  openings  and  remains  there  indefinitely 
unless  disturbed  by  some  outside  factor. 

It  is  impossible  for  oil  to  migrate  any  great  distance  in  the 
oil-bearing  formations  of  the  mid-continent  field.  A  discussion 
of  this  point  is  taken  up  in  three  parts:  (i)  difficulty  of  migration 
from  •the  mechanical  standpoint;  (2)  negative  experimental  evi- 
dence; (3)  evidence  of  lenticular  character  of  water  zones. 

The  movement  of  oil  in  water-soaked  sediments  is  almost 
entirely  a  problem  of  siurface  tension.  Water,  having  a  greater 
surface  tension  and  attraction  for  rock  surfaces  than  oil,  moves 
into  the  smaller  pores  occupied  by  the  oil  and  forces  it  into  larger 
openings.  Such  movement  is  characteristic  as  long  as  the  open- 
ings are  less  than  o .  i  mm.  Where  the  sand  grains  are  unusually 
large  (3  mm.  in  diameter  or  over)  or  where  induced  openings  have 
been  made  locally  in  some  hard  formation,  sorting  due  to  specific 
gravity  is  free  to  take  place  if  the  unbalanced  weight  overcomes 
the  friction  of  the  movement. 

Relative  forces  thus  affecting  oil  movement  can  be  figured 
from  the  size  of  the  openings  in  the  rocks.^  In  a  shale  at  a  depth 
of  1,500  feet,  where  openings  are  o.oi  micron,  the  capillary  force 

'It  is  the  popular  belief  that  faults  are  detrimental  to  oil  accumulation  since 
they  afford  passages  for  upward  migration  of  oil,  thereby  allowing  the  oil  to  escape. 
Such  may  be  the  case  occasionally  where  the  formations  stand  open  along  the  fault 
plane  for  hundreds  of  feet.  In  the  oil  fields  of  Oklahoma  most  faults  probably  never 
reach  the  surface.  Shales  being  so  predominant  in  the  section  invariably  fall  together 
along  the  fault  plane,  thus  tightly  sealing  the  majority  of  faults  so  that  they  are 
not  generally  conductors  of  oil  upward. 

*  Johnston  and  Adams,  Jour,  Ged.,  XXII,  9. 

*  Ibid,,  p.  13. 
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of  the  water  to  replace  the  oil  is  about  1,400  lbs.  per  square  inch;' 
the  unbalanced  force  due  to  specific  gravity  is  less  than  o.i  lb. 
per  inch;  and  frictional  resistance  is  probably  a  fraction  of  a 
poimd  per  square  inch.  As  the  openings  become  larger  the 
capillary-expelling  force  of  the  water  becomes  less  and  when  these 
have  reached  o .  5  mm.  this  force  is  zero.  Then  the  imbalanced 
specific  gravity  and  fractional  resistance  are  the  only  forces  to  be 
accounted  for.  Such  places  are  only  local  in  the  sedimentary 
series,  and  the  great  majority  of  openings  in  oil-bearing  formations 
are  much  smaller.  The  force  necessary  to  make  oil  migrate 
through  a  wet  shale  (openings  o.oi  micron)  for  a  depth  of  1,500 
feet  is  about  4,000  lbs.  per  square  inch.  This  is  about  1,500  lbs. 
per  square  inch  greater  than  the  combined  rock  and  complete 
hydrostatic  pressure.  Consequently,  it  is  utterly  useless  to  assume 
migration  of  oil  through  wet  shale.  Even  when  the  openings  in  a 
sandstone  are  as  much  as  o .  i  mm.  in  diameter,  the  capillary 
resistive  power  is  about  0.4  lb.  per  square  inch  compared  with 
0.1  lb.  per  inch,  the  imbalanced  force  due  to  specific  gravity. 
The  instant  an  oil  particle  (migrating  in  water  sediments)  reaches 
a  series  of  openings  larger  than  those  surrounding  it,  it  stops  and 
remains  there  indefinitely,  as  long  as  these  surrounding  openings 
are  less  than  o.i  mm.  All  sandstones  are  irregular  and  a  series 
of  openings  larger  than  o .  i  mm.  is  never  very  extensive. 

3.  Experiment  an  migrcUiofi  of  oil  in  wet  sand, — ^A  water-soaked  (20-mesh) 
sand  bed  with  a  20°  slope  was  placed  in  a  glass  box  18  in.  by  6  in.  by  6  ixL 
(Fig.  5).  Near  the  lower  end  of  the  stratum  a  small  volimie  of  Idx^jex  (10- 
mesh)  sand  grains  was  fdled  with  oil  and  covered  with  water-soaked  shale. 
This  was  allowed  to  remain  for  one  week  and  no  movement  of  the  oil  had 
taken  place.  Then  glass  tubes  were  inserted  into  the  sand  at  either  end  of 
the  box.  Water  was  pumped  out  of  tube  No.  i  at  the  higher  end  of  the 
sand  bed  and  at  the  same  time  water  was  allowed  to  run  into  tube  No.  2  at 
the  lower  end.  This  was  continued  until  the  amoimt  of  water  forced 
through  the  sand  was  several  times  its  volume.  No  movement  of  the  oil 
resulted.  The  accompanying  photograph,  Fig.  6,  was  taken  after  the  experi- 
ment. 

'These  figures  are  rough  approxiinations  from  data  of  Johnston  and  Adams 
(jhid.)]  also  Harkins,  Davies,  and  Clark,  Journal  American  Chemical  Society ^  XXXIX, 
No.  4  (April,  1917),  531. 


Digitized  by 


Google 


PRINCIPLES  OF  OIL  ACCUMULATION 


259 


This  experiment  is  cited  to  show  that  oil  does  not  migrate  up 
the.  dip  due  to  specific  gravity  differences,  nor  is  it 'forced  upward 
by  circulating  water. 

On  the  outcrop  the  sands  in  the  oil-bearing  formations  are  not 
continuous  but  lenticular.  By  careful  study  of  sands  from  well 
logs  in  different  pools  of  the  mid-continent  field,  the  lenticular 
property  of  the  sands  becomes  more  evident.    Water  analyses 


Fig.  5.— Diagram  of  apparatus  for  experiment  showing  no  movement  of  oil  in  sand 


Fig.  6. — ^Photograph  of  apparatus  used  in  Experiment  3,  showing  the  oil 
xemaining  in  the  sand  where  it  was  originally  placed. 

also  corroborate  this  fact.  Results  from  four  hundred  water  analy- 
ses to  date  point  to  the  fact  that  each  sand  lens  carries  a  definite 
water,  uniform  throughout  and  differing  in  some  respect  from 
the  water  of  another  lens.  These  waters  are  probably  connate 
sea  waters  uncontaminated  by  surface  water.  In  nearly  pure  silica 
sands  the  water  differs  little  from  sea  water.  In  limy  members 
or  where  other  soluble  minerals  are  noted  the  water  is  much  higher 
in  total  solids  than  sea  water.  The  present  work  seems  to  indi- 
cate that  the  change  from  normal  sea  water  can  be  accounted  for 


Digitized  by 


Google 


26o  ALEX.  W.  McCOY 

by  the  minerals  in,  and  surrounding,  the  water  horizon.  If  the 
water  shows  no  connection  between  different  lenses  in  a  sedi- 
mentary series,  surely  contmuous  sands  or  porous  zones  cannot 
be  expected  and  consequently  the  analyses  check  the  impossibility 
of  migration  from  one  lens  to  the  other. 

The  pressure  on  the  oil  as  it  exists  in  the  porous  stratum  is 
the  same  as  that  on  the  water  which  previously  occupied  the 
space.  A  volimie  of  water  replaces  approximately  an  equal 
amoimt  of  oil,  consequently  the  pressure  in  the  reservoir  remains 
the  same.  When  the  relation  of  oil  to  advancing  water  is  such 
that  the  oil  may  be  trapped  and  forced  forward  by  capillary  water, 
considerable  pressure  may  accumulate  on  the  oil  due  entirely  to 
the  capillary  action  of  the  water.  Such  conditions  would  be  local 
if  ever  present  and  of  little  importance  in  commercial  oil  pools. 

Pressures  on  fluid  in  an  oil  sand  are  often  spoken  of  as  "rock, 
pressure"  or  "gas  pressure."  Neither  term  exactly  defines  the 
accmnulated  pressure  on  the  fluid.  The  maximimi  static  pres- 
sxure  available  in  any  porous  zone  is  a  function  of  the  size  of  the 
openings  around  that  stratum.  The  determining  factor  is  the 
capillary  resistance  of  the  water  in  the  adjoining  small  openings. 
This  factor  depends  upon  the  character  of  the  sediment  and  the 
amoimt  of  compactness  of  the  same.  As  the  beds  are  more  deeply 
buried,  the  shales  become  more  compacted,  and  consequently  the 
maximmn  available  pressure  in  a  given  reservoir  would  be 
increased  with  depth.  In  this  way  there  is  a  relation  of  maxi« 
mum  pressure  to  depth  in  the  upper  10,000  feet  of  sediment. 
However,  pressures  do  not  necessarily  increase  with  depth  as 
would  be  indicated  by  the  term  "rock  pressure."  The  amount 
of  water  originally  in  the  reservoir  and  the  tightness  of  the  sur- 
rounding shales  are  other  factors  which  may  greatly  change  any 
relation  of  accumulated  pressures  to  depths.  A  buried  sand 
deposit  may  be  completely  filled  with  water  and  surroimded  by  a 
very  fine  shale,  so  that  a  small  amount  of  settling'  would  increase 

'  In  this  paper  it  is  assumed  that  settling  of  the  strata  has  caused  the  fluid  pres- 
sure in  water  sands  of  most  of  the  mid-continent  oil  pools.  With  various  degrees  of 
saturation  in  sands  of  irregular  sedimentation,  the  resulting  fluid  pressures  after 
settling  would  be  quite  variable  and  irrespective  of  depth.    Such  is  the  case  throu^- 
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the  pressure  on  the  water  over  that  of  a  deeper  sand,  which  might 
not  have  been  so  nearly  saturated  nor  surrounded  by  so  fine  a 
shale. 

The  following  estimate  is  made  to  show  that  the  amount  of 
oil  in  any  producing  field  could  have  been  derived  entirely  from 
shales  inunediately  surrounding  the  oil  sand.  A  series  of  shales 
aggregating  10  feet  of  bituminous  sediment,  yielding  25  gallons 
to  the  ton  would  furnish  17,000  barrels  of  oil  per  acre.  Assuming 
a  25  per  cent  extraction,  the  acre  yield  would  be  over  4,000  barrels. 
The  average  acre  yield  in  Oklahoma  and  Kansas  ranges  from 
2,500  to  3,000  barrels.  In  case  of  30,000-barrel-acre  yield,  which 
is  a  rare  exception,  the  total  amoimt  of  oil,  considering  a  25  per 
cent  extraction,  could  be  had  from  an  acre  bed  of  shale  aggregating 
50  feet  of  bituminous  material  yielding  40  gallons  to  the  ton. 
L-arge  acre  yields  are  probably  due  to  concentration  in  the  sand 
along  zones  of  exceptional  openings,  and  the  oil  might  have  been 
drained  from  an  area  of  several  acres. 

CONCLUSION 

The  foregoing  evidence  leads  to  the  following  conclusions: 

1.  Bituminous  shales  are  in  close  relationship  with  the  produ- 
cing sand  of  an  oil  field. 

2.  This  bituminous  material  is  in  solid  form  and  is  only  changed 
to  petroleum  in  local  areas  of  differential  movement. 

3.  After  such  a  change  is  made,  the  accumulation  of  oil  into 
commercial  pools  is  accomplished  by  capillary  water;  and  this 
interchange  only  takes  place  in  local  areas  where  the  oil-soaked 
shale  is  in  direct  contact  with  the  water  of  the  reservoir  rock. 
Such  conditions  are  explainable  either  by  joints  or  faults. 

4.  After  the  oil  once  reaches  the  sand,  some  adjustment  takes 
place  until  the  oil  has  found  the  larger  openings  and  then 
it  remains  there  indefinitely. 


aut  the  Pennsylvanian  rocks  of  Oklahoma,  Kansas,  and  Texas.  Moreover,  in  a 
number  of  cases  the  water  may  be  reduce^  or  exhausted  by  pumping  the  same  as  the 
oil,  and  the  decline  in  production  is  according  to  the  regular  PV  curve,  showing  that 
the  pool  is  not  connected  with  a  source  of  supply,  but  has  a  definite  volume  in  a 
definite  space. 
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5.  The  amount  of  oil  in  any  field  could  have  been  derived 
from  normal  bituminous  shales  in  close  proximity  to  the  pay 
horizon. 

6.  These  five  statements  also  lead  to  another  general  conclu- 
sion, that  areas  of  maximum  differential  movement  are  in  accord 
with  anticlinal  structures.  It  has  been  noted  from  a  study  of 
the  majority  of  pools  in  the  mid-continent  field  that  the  maximum 
sub-surface  faulting  is  found  on  the  flanks  and  sides  of  the  anti- 
clines, and  that  the  best  production  runs  in  trends  parallel  to 
the  faulted  zones.  It  has  also  been  noted  in  a  number  of  cases 
that  production  which  is  not  related  to  marked  anticlinal  or  dome 
structure  bears  the  same  close  relation  to  sub-surface  faults.' 

The  author  is  indebted  to  many  co-workers  in  the  sub-surface 
branch  of  the  geology  department  of  the  Empire  Gas  and  Fuel 
Company,  who  have  diligently  collected  and  compiled  information^ 
Especially  is  acknowledgment  made  to  Mr.  Gerald  E.  Moser  for 
the  diagrams  in  this  paper;  to  Mr.  E.  A.  Trager  for  aid  in  the 
experiments;  to  Dr.  L.  C.  Snider  for  suggestions  and  criticisms 
in  the  work;  and  to  Mr.  Everett  Carpenter,  whose  advice  and 
counsel  have  made  the  investigation  possible. 

'  Detailed  data  for  the  basis  of  these  statements  are  necessarily  considered  con- 
fidential and  cannot  be  published  at  this  time.  It  is  hoped  that  this  material  may 
sometime  be  available  so  that  a  paper  discussing  the  details  of  various  producing 
structures  can  be  published. 
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PART  III 
CORRELATION 

In  this  region,  where  the  sedimentary  series  do  not  form  any 
large  or  continuous  sheet,  but  are  found  merely  as  comparatively 
small  remnants  separated  by  wide  areas  of  intrusive  granite,  it 
is  obviously  impossible  to  make  an  imquestionable  correlation. 
If  in  some  yet  unexplored  district  there  should  be  found  large 
continuous  sheets  of  sediments  which  might  serve  as  definite 
horizon  markers  over  a  large  area,  as  the  Cobalt  series  does  in  the 
Cobalt-Sudbury-Lake  Huron  district,  a  good  correlation  may  even- 
tually be  obtained.  But  under  present  conditions  the  criteria 
on  which  we  must  rely  for  correlation  purposes  are  (i)  petrogra- 
phic  similarities;  (2)  similar  geological  successions;  (3)  similar 
deformations;  (4)  similar  relations  to  older  and  younger  forma- 
tions. 

PONTIAC-MATTAGAMI-BROADBACK-BROCK  SERIES 

The  patches  of  sediments  known  at  present  under  the  local 
names  Pontiac,  Mattagami,  Broadback,  and  Brock  series  have 
strong  petrographical  similarities.  In  each  the  principal  rock  is 
a  schist  which  is  probably  the  metamorphosed  equivalent  of  a 
more  or  less  impure  sandstone  or  sandy  shale.  It  is  now  com- 
posed of  quartz  and  ferromagnesian  mineral,  with  a  little  feld- 
spar; the  ferromagnesian  mineral  is  usually  biotite,  which  locally 
is  replaced  by  muscovite  or  hornblende.  The  muscovite  schist 
probably  represents  an  originally  fairly  pure  sandstone,  and  the 
hornblende  schist  a  ferromagnesian  sand.  The  more  add  types 
may  have  derived  their  material  largely  from  granitic  sources, 
the  more  basic  types  from  the  basic  lavas.    The  mica  schists 
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grade  toward  the  base  of  the  series  into  arkoses,  greywackes,  and 
conglomerates,  which  are  of  essentially  the  same  composition  as 
the  schists  above  them,  and  diflfer  only  in  their  coarser  grain. 

This  greywacke-like  composition  indicates  that  in  each  of  the 
widely  separated  areas  the  sediments  were  derived  by  fairly  rapid 
disintegration  and  erosion  of  older  rocks,  without  extended  decom- 
position of  their  constituents  by  atmospheric  weathering.  Had 
decomposition  been  complete  and  erosion  slow,  a  better  separa- 
tion of  the  products  of  disintegration  would  have  taken  place, 
with  resultant  deposition  of  a  normal  sandstone-shale  series.  The 
band  of  quartzite  foimd  in  the  Kenoniska  area  is  the  only  one 
observed  in  which  fairly  good  segregation  of  the  sedimentaty 
material  has  taken  place;  yet  its  significance  is  not  great,  as  the 
bed  is  thin  and  the  quartzite  very  impure. 

The  petrographic  similarities  indicate  that  the  sediments  of 
the  different  areas  were  derived  from  similar  sources,  and  that 
similar  conditions  of  weathering  and  erosion  were  operative  at 
the  time  each  was  laid  down. 

The  succession  of  the  different  rock  types  also  affords  some 
evidence  for  correlation.  At  the  base  of  each  series  is  a  conglom- 
erate bed  several  hundred  feet  thick.  The  composition  of  this 
conglomerate  is  in  every  case  similar — ^pebbles  of  granite  and  the 
underlying  series  of  basic  lavas,  with  their  associated  tuffs,  cherts, 
and  intrusives,  imbedded  in  an  impure  sandy  matrix.  Above 
this,  except  in  the  Mattagami  area,  lies  a  coarse-grained  arkose, 
greywacke,  or  grit,  which  passes  upward  into  finer-grained  material 
of  much  the  same  composition,  now  metamorphosed  to  mica  schist. 
In  the  Mattagami  area  the  conglomerate  passes  into  the  upper 
schist  by  a  decrease  in  the  size  and  number  of  the  pebbles,  without 
the  intervening  band  of  arkose;  in  the  Kenoniska  area  a  narrow 
band  of  impure  quartzite  lies  between  the  arkose  and  the  mica 
schist. 

The  succession  is  one  which  indicates  an  almost  identical 
history  of  deposition  in  each  of  the  areas  imder  consideration. 
K  the  series  is  of  marine  origin*,  the  history  is  one  of  deposition 
in  a  gradually  deepening  sea  or  of  a  subsidence  of  the  land  from 
which  the  sediments  were  derived.    The  absence  of  shale  and 
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limestone  members  in  every  case  is  also  significant  of  the  preva- 
lence of  similar  conditions  of  deposition  over  the  whole  region. 

Structural  similarities  form  perhaps  the  best  evidence  for  the 
correlation  of  these  patches  of  sediment.  Each  area  is  a  remnant 
of  a  close  fold,  and  the  amount  of  deformation  during  folding 
was  approximately  the  same  in  all.  On  the  flanks  of  the  folds 
the  whole  body  of  rock  has  been  converted  into  schist,  even  the 
competent  basal  conglomerate.  The  pebbles  of  the  conglomerate 
in  each  case  have  been  flattened  and  sheared,  the  softer  stretched 
to  mere  strings,  while  the  hard  granites  have  suflFered  very  little. 
The  axes  of  the  folds  show  remarkable  similarity  in  strike.  The 
general  strike  of  the  Pontiac  area  is  east-west;  of  the  Mattagami 
area,  N.  8o^£.;  the  axis  of  the  Kenoniska  and  Lucky  Strike 
folds  strike  S.  75^  E.;  of  the  Brock  fold,  N.  85**  E.  These  varia- 
tions in  strike  are  very  small,  considering  how  widely  the  districts 
are  separated  from  one  another,  and  the  conclusion  therefore 
seems  justifiable  that  all  of  these  sediments  preceded,  and  were 
deformed  by,  one  period  of  regional  stress.  As  the  region  has 
been  gently  cross-folded,  the  variations  in  strike  most  probably 
are  due  to  this,  though  perhaps  also  in  part  to  disturbance  by  the 
later  intrusion  of  the  granite  batholiths. 

The  different  patches  of  sediments  are  similar  in  their  rela- 
tions to  the  older  lava  series.  In  almost  every  case  it  has  been 
shown  that  the  sediments  rest  imconformably  on  the  lava  series, 
since  the  basal  conglomerate  contains  roimded  pebbles  of  all  the 
underlying  rocks.  As  to  the  nature  of  the  unconformity,  a  close 
parallelism  of  strike  and  dip  obtains  between  the  two  series, 
indicating  either  that  they  were  folded  at  one  time  or  that  a  pos- 
sible earlier  gentle  folding  of  the  lavas  was  obscured  by  more  intense 
shear  after  the  sediments  were  laid  down.  In  the  case  of  the 
Kenoniska  and  Lucky  Strike  areas,  the  basal  conglomerate  was 
observed  to  rest  on  different  tjqpes  of  rock  from  point  to  point, 
but  whether  this  was  due  to  differential  erosion  of  the  under- 
lying rocks  previous  to  the  deposition  of  the  conglomerate  or  to 
original  irregularities  of  deposition  in  the  miderlying  series  was 
not  determined  with  certainty.  It  is  believed,  however,  to  have 
been  due  to  erosion,  since  in  the  case  of  the  Lucky  Strike  area 
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the  conglomerate  at  its  most  easterly  observed  contact  rests  upon 
gametiferous  mica  schists,  which  are  believed  to  be  the  metamor- 
phosed equivalent  of  a  once  widely  distributed  sediment,  the 
Nemenjish  series,  while  farther  to  the  west  it  rests  directly  upon 
basic  lavas.  In  addition,  the  presence  of  the  thick  basal  conglom- 
erate indicates  that  the  erosion  of  the  imderlying  series  was  great 
before  the  deposition  of  the  upper.  In  the  undeformed  conglom- 
erate of  the  Kenoniska  area,  none  of  the  basic  pebbles  possess 
schistosity;  so  that  the  lava  series  could  not  have  imdergone 
serious  deformation  before  the  conglomerate  was  laid  down. 

The  similarity  of  the  relations  which  prevail  among  the  dif- 
ferent patches  of  younger  sediments  toward  the  older  series  of 
lavas  and  sediments  still  further  strengthens  the  probability  that 
these  patches  originally  formed  part  of  a  single  widespread  forma- 
tion. The  unconformity  appears  to  be  one  of  erosion  mainly, 
with  little  or  no  structural  discordance. 

As  regards  the  relations  of  the  sediments  to  yoimger  forma- 
tions, the  only  younger  rock  in  contact  with  all  of  them  is  the 
granite,  which  in  each  case  intrudes  them.  As  there  is  no  sedi- 
mentary rock  younger  than  the  granite  in  the  region,  by  which 
its  age  may  be  checked,  the  granite  does  not  afford  any  adequate 
datum  plane  for  correlation  purposes. 

Summary, — ^It  has  been  shown  that  in  the  patches  of  sediments 
now  known  \mder  the  local  names  of  Pontiac,  Mattagami,  Broad- 
back,  Lucky  Strike,  and  Brock  series,  there  are  several  striking 
similarities:  (i)  The  character  of  the  sediments  shows  that  they 
were  in  each  case  derived  by  the  disintegration  and  erosion  of  a 
land  area,  which  went  on  with  such  rapidity  that  the  component 
minerals  of  the  eroded  rocks  were  not  highly  decomposed;  as  a 
result,  the  sediments  are  not  characterized  by  a  normal  sandstone- 
shale  alternation,  but  are  of  a  greywacke  or  arkose  composition 
throughout.  (2)  The  absence  of  the  metamorphosed  equivalents 
of  limestone  or  shale,  of  which  latter  sediment  there  must  have 
been  some  quantity,  indicates  fairly  shoal  water  or  subaerial  con- 
ditions during  the  deposition  of  each  series.  (3)  The  succession 
in  each  case  is  similar;  a  conglomerate  lies  at  the  base,  overlain 
by  finer-grained  material,  arkose  or  greywacke,  of  essentially  the 
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same  composition,  which  in  its  turn  is  overlain  by  biotite  or  horn- 
blende schists,  representing  similar  material  in  a  still  finer  state  of 
subdivision.  The  succession  indicates  a  similar  history  in  each  case. 
(4)  The  relations  of  each  body  of  sediments  to  the  underljdng  lava 
series  appears  to  be  one  of  erosional  unconformity;  if  structural  un- 
conformity also  exists,  the  discordance  is  slight.  Thus  the  period 
elapsing  between  the  outpouring  of  the  lavas  and  the  deposition  of 
the  sediments  was  characterized  in  each  ca^se  by  gentle  epeirogenic 
movements  only,  not  by  intense  orogenic  movement.  (5)  The 
close  parallelism  of  the  axes  of  the  major  folds  of  the  different 
areas  indicates  that  all  were  deformed  either  by  the  same  force 
or  by  successive  forces  directed  along  the  same  lines;  while  a 
study  of  the  effects  of  shear  on  the  different  folds  shows  that  each 
body  of  sediment  was  deformed  to  about  the  same  extent.  These 
two  lines  of  evidence  indicate  that  all  the  sediments  were  folded 
at  the  same  time,  and  by  stresses  of  much  the  same  strength. 
(6)  All  the  sediments  have  been  intruded  by  granites,  which, 
though  not  proven  to  be  of  the  same,  age,  have  not  as  yet  been 
shown  to  be  of  different  ages. 

While,  as  previously  stated,  an  entirely  reliable  correlation  in 
these  pre-Cambrian  rocks  cannot  be  made  in  the  absence  of  a 
continuous  sedimentary  datum  plane,  nevertheless  the  foregoing 
evidence  indicates  such  a  uniformity  in  the  history  of  these  scat- 
tered patches  of  sediments  that  it  appears  highly  probable  that 
they  are  remnants  of  a  single,  once  widely  distributed  formation 
or  series.  So  far  as  now  known,  this  series  may  have  been  depos- 
ited imder  marine  conditions  and  have  formed  a  continuous  sheet, 
or  under  continental  conditions  in  separate  settling  basins.  As 
the  time  has  not  yet  arrived  for  the  correlation  of  these  sediments 
with  other  ancient  sediments  to  the  south  and  southwest,  such 
as  the  Timiskaming,  Sudbury,  and  Hastings  series,  the  writer 
would  apply  a  single  local  name  to  all  those  under  discussion, 
simplifying  the  nomenclature  by  the  elision  of  the  various  local 
names  already  applied.  The  name  Pontiac  series,  applied  by 
M.  E.  Wilson  in  1909  to  the  sediments  of  the  first  discovered  belt 
to  the  south,  has  precedence;  but  in  view  of  the  doubt  as  to  the 
composition  of  Wilson's  Pontiac  series,  as  outlined  on  page  200, 
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the  name  "Mattagami  series"  will  be  used  until  the  doubt  is 
cleared  up  and  the  term  "Pontiac"  re-defined,  if  necessary.  In 
the  remainder  of  this  paper  the  term  "Mattagami  series"  will 
therefore  be  used  to  include  the  original  Mattagami  series,  the 
Broadback,  Lucky  Strike,  and  Brock  series,  and  the  conglomerate- 
arkose  portion  of  the  Pontiac  series  to  the  south. 

Age. — The  Mattagami  series  has  been  shown  to  consist  of 
scattered  patches  of  sediments,  all  of  which  are  older  than  a  great 
orogenic  movement  and  a  period  of  granitic  intrusion.  In  the 
southwest  comer  of  the  region  under  discussion,  the  Mattagami 
series  is  overlain  by  the  flat-lying  Cobalt  series,  which  rests  on  a 
peneplain  that  bevels  the  Mattagami  series,  the  intrusive  batho- 
liths  of  granite,  and  the  older  lavas  indiscriminately.  A  very 
long  period  of  erosion  must  have  ensued  therefore  between  the 
end  of  the  deposition  of  the  Mattagami  series  and  the  commence- 
ment of  the  deposition  of  the  Cobalt  series.  The  Cobalt  series 
has  recently  been  shown  by  W.  H.  Collins*  to  be  of  the  same  age 
as  the  upper  part  of  the  original  Huronian  series  of  the  north 
shore  of  Lake  Huron.  It  is  separated  there  from  the  lower  part 
of  the  Huronian,  which  Collins  has  termed  the  Bruce  series,  by 
an  imconformity,  represented  by  the  erosion  of  some  i,6oo  feet 
of  sediments  and  a  gentle  folding.  The  Bruce  series  has  been 
shown  by  Collins"  to  be  very  similar  in  the  character  and  succes- 
sion of  its  members  to  the  Lower  Huronian  of  the  Marquette 
region.  The  erosion  plane  dividing  the  Cobalt  series  and  the 
older  rocks  in  northern  Quebec  passes  southward  beneath  the 
Cobalt  series  in  the  Cobalt  district,  and  beneath  the  Bruce  series 
in  the  Lake  Huron  district.  It  may  safely  be  stated,  therefore, 
that  the  Mattagami  series  is  of  pre-Bruce  age,  and  therefore  prob- 
ably pre-Lower  Huronian,  and  that  it  antedates  the  Bruce  by  an 
interval  suflScient  for  orogenic  forces  to  raise  a  mountain  range 
of  unknown  height,  and  for  the  forces  of  erosion  to  reduce  this 
range  toward  its  southern  side  at  least  where  the  Bruce  series 
was  deposited,  nearly  to  base-level. 

» W.  H.  Collins,  Geol.  Surv.  Can.,  Museum  Bulletin  No.  S,  19x4. 
*  W.  H.  Collins,  memoir  in  preparation. 
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NBM£NJISH-GR£NVILL£   SERIES 

A  series  of  rocks  which  are  the  metamorphosed  equivalents 
of  clastic  sediments  has  been  termed  the  Nemenjish  series  in  the 
foregoing  pages.  They  attain  their  largest  extension  in  the  contig- 
uous Windy  Lake  and  Nemenjish  areas.  These  rocks  are  believed 
to  be  the  northern  equivalent  of  the  Grenville  series. 

The  primary  basis  for  this  tentative  determination  is  petro- 
graphic.  It  is  recognized  clearly  that  petrographic  similarities  as 
a  rule  form  a  most  insecure  foimdation  for  correlation;  but  the 
}>etrographic  peculiarities  of  these  rocks  are  so  marked  and  so 
different  from  those  of  any  other  rocks  observed  by  the  writer 
in  the  pre-Cambrian  of  Ontario  or  Quebec  that  they  afford  imu- 
sually  good  evidence  for  this  purpose.  The  major  portion  of  the 
rocks,  above  the  basal  beds,  are  highly  gametiferous.  They  con- 
sist of  rather  fine-grained,  light  grey  mica  gneisses  or  schists,  and 
greenish-black  hornblende  gneisses,  crowded  with  small,  light  pink 
garnets.  The  garnets  in  the  mica  gneiss  are  usually  small,  1-2 
mm.  in  diameter;  those  in  the  hornblende  gneiss  usually  some- 
what larger,  3-5  mm.  in  diameter.  GameHferous  types  probably 
average  at  least  so  per  cent  of  the  total  bulk.  No  such  bulk  of  gamet- 
iferous rocks  is  found  in  any  other  pre-Cambrian  series.  Gar- 
netiferous  types,  usually  gametiferous  hornblende  schists,  occur 
locally  in  the  altered  basic  lavas,  often  termed  "Keewatin,"  and 
also  in  the  Mattagami  series,  but  invariably  in  minor  amount, 
less  than  i  per  cent.  The  writer  therefore  considers  this  criterion 
as  a  reliable  one  for  correlation  purposes,  imtil  it  shall  have  been 
shown  that  another  formation  with  similar  bulk  characteristic 
exists  in  the  pre-Cambrian  shield. 

The  Grenville  series  extends  north  of  the  Ottawa  River  at 
Ottawa  for  approximately  140  miles,  almost  to  the  junction  of 
the  east  and  west  branches  of  the  Gatineau  River.  It  is  bounded 
on  the  north  by  a  great  batholith  of  granite  intrusive  into  it.  A 
section  made  by  the  writer  in  191 6  down  the  Gatineau  River 
from  the  National  Transcontinental  Railway  to  Ottawa  showed 
that  within  the  boundaries  mentioned  above  the  continuity 
of  the  series  is  unbroken,  except  by  relatively  small  granitic 
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intrusions.  Over  a  distance  of  about  twenty  miles  south  of  its 
northern  boundary  the  Grenville  contains  little  crystalline  limestone 
but  is  composed  almost  entirely  of  altered  elastics,  largely  gamet- 
iferous,  of  types  identical  or  almost  so  with  the  Nemenjish  series. 
Farther  to  the  south,  where  crystalline  limestone  forms  a  large 
proportion  of  the  Grenville,  much  of  the  remainder  is  composed 
of  gametiferous  mica  gneisses  like  those  of  the  Nemenjish  series. 

A  gap  of  about  140  miles  exists  between  the  Nemenjish  series 
and  the  Grenville,  occupied  by  a  great  batholith  or  batholithic 
complex  of  granite,  which  has  an  east-west  extension  from  near 
the  Bell  River  at  least  to  Lake  St.  John,  about  250  miles.  The 
correlation  of  the  two  series  across  this  belt  of  granite  would 
appear  at  first  sight  a  hopeless  task;  but  it  is  rendered  possible 
by  the  fact  that  the  eastern  end  of  the  batholith  is  not  deeply 
eroded,  in  fact  is  apparently  barely  imroofed.  Across  its  whole 
width'  thousands  of  inclusions  of  the  Nemenjish  or  Grenville 
rocks  are  present,  of  all  sizes  and  in  all  stages  of  digestion.  These 
are  so  numerous  that  it  is  rare  to  find  a  single  small  outcrop,  of 
granite  without  imdigested  inclusions  whose  original  nature  is 
recognizable.  In  size  the  inclusions  vary  from  small  lumps  a 
few  inches  or  feet  in  diameter  to  large  bodies  several  miles  in 
length,  which  are  probably  true  roof  pendants.  In  freshness  they 
vary  from  sharp-angled  bodies  with  little  or  no  trace  of  the  solvent 
action  of  the  granite  to  completely  dissolved  forms  now  repre- 
sented by  gametiferous  micaceous  bands  in  the  gneiss.  A  very 
characteristic  trade-mark  of  the  interaction  of  granite  and  sedi- 
ment is  the  presence  of  garnet,  which  seems  to  have  dissolved 
during  the  digestion  of  the  sediment  and  subsequently  to  have 
recrystallized  with  little  or  no  change.  The  formation  of  such 
digested  products  is  so  well  shown  in  all  its  stages  that  even  the 
end  products  of  the  reaction  might  safely  be  taken  as  evidence 

'  The  sections  studied  by  the  writer,  where  such  laige  numbers  of  gametiferous 
inclusions  were  observed,  were  those  of  the  St.  Maurice  River,  from  the  Transcon- 
tinental Railway  to  Sandy  Beach  Lake,  and  thence  northward  across  the  Height  of 
Land  to  Askitichi  Lake;  and  from  the  Hudson  Bay  post  at  Kikenriatrh  across  to  the 
headwaters  of  the  Gatineau,  and  down  the  Gatineau.  Farther  to  the  west  erosion 
appears  to  have  removed  greater  thicknesses  of  granite;  correspondingly  the  num- 
ber of  inclusions  become  smaller  toward  the  west,  and  the  proportion  of  those  which 
have  undergone  complete  or  fairly  complete  digestion  increases. 
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of  the  fonner  presence  of  the  sedhnents;  but  it  is  not  necessary 
to  rely  on  these  as  there  is  a  sufficiency  of  the  comparatively 
unaltered  fragments  for  purposes  of  recognition.  The  highly 
gametiferous  character  of  the  greater  number  of  them  renders 
their  derivation  from  the  Nemenjish  or  the  Grenville  series  almost 
indubitable. 

Summary. — ^The  writer  bases  the  correlation  of  the  Nemenjish 
series  with  the  Grenville  series  on  the  following  facts:  (i)  The 
Nemenjish  series  possesses  unusual  petrographic  characteristics, 
in  that  approximately  50  per  cent  of  the  rocks  of  the  series  are 
gametiferous.  (2)  The  granite  batholith  separating  the  Nemenjish 
and  the  Grenville  series  is  loaded  with  recognizable  inclusions 
of  these  peculiar  gametiferous  schists.  (3)  The  composition  of 
the  Grenville  on  the  southern  border  of  the  granite  batholith  is 
identical  with  that  of  the  Nemenjish  series,  i.e.,  gametiferous 
mica  and  hornblende  gneisses,  with  a  little  crystalline  limestone. 
This  passes  to  the  south  into  Grenville  of  normal  composition  by 
increase  in  the  amoimt  of  limestone,  without  much  change  in  the 
character  of  the  altered  clastic  members. 

Relations  to  older  formations. — ^The  relation  of  the  Nemenjish 
series  to  the  lava  series  appears  to  be  one  of  perfect  structural 
conformity,  although  this  determination  is  weakened  by  the  fact 
that  the  contact  was  observed  at  one  place  only.  As  described, 
the  sediments  were  found  resting  on  the  old  surface  of  a  basaltic 
lava  flow,  and  with  the  same  dip  and  strike  as  the  lava.  At  the 
contact  the  sediments  were  thin  beds  similar  to  the  tuffs  elsewhere 
observed  interbedded  with  the  lavas;  but  these  became  mingled 
with  beds  of  sediments  similar  to  the  overlying  material  a  short 
distance  above  the  base,  and  within  a  few  hundred  feet  were 
entirely  replaced  by  them.  When  these  sediments  were  first  seen, 
it  was  supposed  that  they  probably  belonged  to  the  Mattagami 
series,  and  a  very  careful  search  was  made  along  the  contact 
with  the  lavas  for  evidences  of  imconformity,  but  none  were 
found.  There  is  not  a  trace  here  of  the  conglomerate  which 
uniformly  lies  at  the  base  of  the  Mattagami  series,  and  appears 
to  be  at  least  300  feet  thick  wherever  it  has  been  possible  to  meas- 
ure it.     There  is  no  evidence  of  the  presence  here  of  any  large 
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fault,  which  might  have  brought  the  two  series  into  intimate 
contact.  It  would  appear  therefore  as  if  there  was  no  discordance, 
structural  or  erosional,  between  the  sedimentary  series  and  the 
imderlying  extrusive  rocks. 

The  problem  presents  itself,  however,  of  explaining  why  the 
Nemenjish  sediments  here  rest  upon  basalts,  which  have  been 
shown  to  form  elsewhere  the  basal  rocks  of  the  lava  series,  rather 
than  upon  its  higher  members.  On  the  creek  flowing  from  Little 
Nemenjish  Lake  to  Obatogamau  Lake,  five  miles  to  the  east,  the 
sediments  overlie  andesites,  although  the  contact  is  not  exposed. 

Two  hypotheses  present  themselves.  There  may  have  been 
a  period  of  erosion  intervening  between  the  extrusion  of  the  lavas 
and  the  deposition  of  the  sediments,  so  that  where  the  sediments 
rest  on  the  lower  members  the  yoimger  lavas  may  have  been 
removed  by  erosion;  or  the  yoimger  lavas  may  never  have  been 
extruded  in  these  localities.  The  first  hypothesis  appears  inad- 
missible, on  accoimt  of  the  perfect  conformity  and  lack  of  any 
trace  of  basal  conglomerate  or  coarse  basal  sediments.  If  the 
second  hypothesis  be  true,  then  some  of  the  lower  beds  of  the 
Nemenjish  series  must  be  equivalent  in  age  to  the  upper  lava 
flows,  unless  conditions  were  such  that  no  sediment  was  deposited 
during  the  period  intervening  between  the  extrusion  of  the  earliest 
and  latest  lavas.  We  might  therefore  expect  to  find  at  some 
point  an  interbedding  of  the  sediments  with  the  higher  lava  flows. 
This  is  actually  the  case  on  Kaopatina  Lake,  where  a  thin  flow 
of  rhyolite  porphyry  in  interbanded  with  the  sediments.  'In  this 
case,  the  beds  with  which  the  flows  are  interbanded  are  not  of 
true  clastic  material,  but  appear  to  be  made  up  in  part  of  cherty 
material,  perhaps  a  chemical  sediment,  and  in  part  of  fine-grained, 
rather  basic  material,  perhaps  volcanic  dust  or  the  first  products 
of  erosion  of  the  lava  fields.  In  the  critical  section  of  the  Opawika 
River  above  Kaopatina  Lake,  beds  of  similar  composition  were 
observed  to  lie  at  the  base  of  the  Nemenjish  series,  and  to  grade 
up  into  it  by  a  gradual  increase  in  the  proportion  of  normal  clastic 
material. 

It  seems  probable  therefore  that  the  whole  region  was  not 
covered  by  uniform  sheets  of  lava  of  the  same  composition,  but 
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that  as  might  be  expected,  the  extrusions  were  more  or  less  local- 
ized, so  that  the  Nemenjish  series  may  lie  from  place  to  place  on 
different  types,  but  still  maintain  conformable  relations.  Further, 
it  appears  that  the  sedimentation  was  slight  during  the  whole 
extrusive  period,  and  largely  confined  to  deposits  directly  or 
indirectly  from  volcanic  sources.  Lava  flows  may  be  interbanded 
with  these  sediments,  but  the  extrusion  of  these  was  complete 
before  the  true  elastics  became  large  in  amount,  as  the  two  have 
never  been  found  interbanded. 

Relations  to  younger  formations, — Since  the  Nemenjish  series 
rests  conformably  on  the  lavas  in  the  Windy  Lake  area,  and  the 
Mattagami  series  rests  imconformably  on  the  lavas  in  the  Brock 
and  other  areas,  it  might  be  supposed  that  the  Mattagami  series 
is  yoimger  than  and  unconformable  on  the  Nemenjish  series. 
This  conclusion  assiunes  that  the  lavas  in  the  different  areas  are 
of  the  same  age.  Direct  field  evidence  bearing  upon  the  relation 
of  the  two  sedimentary  series  is  very  scanty.  The  only  areas 
furnishing  such  evidence  are  the  Kenoniska  and  Lucky  Strike 
areas,  where  gametiferous  mica  schists  are  found  lying  between 
the  Mattagami  basal  conglomerate  and  the  underlying  lavas. 
The  petrography  of  these  rocks  makes  their  correlation  with  the 
Nemenjish  seem  probable,  and  they  lie  unconformably  beneath 
the  Mattagami  series. 

The  Nemenjish-Grenville  series  is  intruded  by  all  the  plutonic 
rocks  of  the  region,  and  is  therefore  older  than  all.  An  older 
granite  intrudes  it  in  the  vicinity  of  Lake  St.  John.  Later,  it 
was  cut  by  great  masses  of  anorthosite.  Finally,  it  was  cut  and, 
in  this  region,  almost  entirely  stopped  away  and  digested  by  the 
great  batholithic  intrusions  of  granite  which  followed  the  deposition 
of  the  Mattagami  series. 

LAVAS 

The  lavas  of-the  region  under  discussion  appear  to  be  of  a 
single  age,  so  far  as  the  evidence  at  hand  indicates.  They  are 
very  similar  in  their  petrographic  character  and  in  the  extent 
of  their  metamorphism.  Wherever  their  succession  has  been 
worked  out,  it  is  the  same;  basaltic  lavas  form  the  lowest  exposed 
beds,  overlain  successively  by  andesitic  lavas,  andesitic  tuffs,  and 
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rhyolitic  lava  or  tuff/  Wherever  sediments  of  Nemenjish  age 
have  been  found  the  lavas  underlie  them  conformably.  Where- 
ever  patches  of  the  Mattagami  series  occur,  they  overlie  the  lavas 
with  imconformity.  Wherever  anorthosite  masses  outcrop,  they 
intrude  the  lavas. 

As  these  lavas,  like  the  Mattagami  series,  underiie  the  great 
erosional  peneplain  that  underlies  the  Cobalt  series,  it  is  possible 
that  they  are  to  be  correlated  with  the  lavas  in  the  Cobalt  district, 
which  are  there  known  as  "Keewatin''  and  which  occupy  a  sinlilar 
stratigraphic  position.  There  is  as  yet,  however,  little  or  no 
evidence  for  correlating  these  lavas  with  the  Keewatin  of  the  north 
and  south  shores  of  Lake  Superior.  The  local  name  of  Abitibi 
volcanics  will  therefore  be  extended  to  apply  to  the  lavas  in  this 
whole  region.  This  name  was  first  applied  by  M.  E.  Wilson  in 
1909  to  the  lavas  in  the  Kewagama  map-area,  in  the  southwestern 
part  of  this  region. 

ANORTHOSITES 

Anorthosite  and  anorthositic  gabbro  do  not  appear  to  any 
large  extent  within  the  region  under  discussion.  A  mass  of  con- 
siderable size  is  found  on  the  Bell  River,  near  Mattagami  Lake, 
another  on  Chibougamau  Lake.  Smaller  masses  are  foimd  on 
the  Opawika  and  Chibougamau  rivers;  there  is  an  immense  mass 
in  the  vicinity  of  Lake  St.  John.  To  the  east  and  south  of  Lake 
St.  John,  the  amount  of  anorthosite  is  much  larger;  it  is  also 
present  in  large  amount  in  the  Adirondacks. 

Since  anorthosite  may  be  formed  as  a  differentiate  of  any 
gabbroid  magma  imder  suitable  conditions,  and  since  it  so  happ>ens 
that  the  anorthosite  masses  are  not  as  a  rule  in  contact  with  a 
sufficient  niunber  of  sedimentary  formations  for  their  age  to  be 
closely  determined  there  is  little  or  no  evidence  that  they  may 
not  be  of  more  than  one  age.  However,  the  occiurence  of  such 
great  masses  of  anorthosite  has  been  rare  throughout  geologic 
history.  Hence  it  is  considered  highly  probable  that  all  of  the 
anorthosite  belongs  to  a  single  period  of  igneous  activity  and  owes 
its  origin  to  some  common  cause. 

'  It  may  be  here  mentioned  that  the  writer's  work  of  191 7-1 8  has  shown  that  the 
simple  succession  described  for  the  lavas  of  northern  Quebec  does  not  prevail  in  the 
Montreal  River  district  of  northern  Ontario. 
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The  age  of  the  anorthosite,  while  not  definitely  fixed,  may 
tentatively  be  placed  as  post-Grenville  and  pre-Mattagami.  In 
the  Lake  St.  John  district  it  has  been  found  to  intrude  the  Gren- 
ville,  and  also  to  intrude  an  earlier  granite  which  also  intrudes 
the  Grenville.  It  is  itself  intruded  by  the  later  granite  that  cuts 
the  Mattagami  series.  It  has  never  been  found  in  direct  contact 
with  the  Mattagami  series.  A  mass  of  anorthositic  gabbro  on 
the  Bell  River  intrudes  the  Abitibi  volcanics  but  does  not  rise 
as  high  as  their  contact  with  the  Mattagami  series.  In  the  Lucky 
Strike  area  a  single  pebble  of  what  was  supposed  to  be  anorthosite 
was  observed  in  the  basal  conglomerate  of  the  Mattagami  series. 
This  pebble  could  not  be  got  out  of  the  matrix  for  microscopic 
study,  however,  so  that  its  exact  determination  is  imcertain.  The 
age  of  the  anorthosite  can,  therefore,  only  be  placed  tentatively 
as  pre-Mattagami. 

GRANITES 

In  the  vicinity  of  Lake  St.  John,  J.  A.  Dresser*  has  reported 
the  presence  of  granites  both  earlier  and  later  than  the  anorthosite 
there.  To  the  northwest  of  the  lake  all  the  granite  observed  is 
later  than  the  anorthosite.  To  the  south  and  east  of  the  lake, 
Adams'  has  reported  that  the  granite  is  earlier  than  the  anortho- 
site. In  New  York  state,  Gushing,  Kemp,  and  Smyth  state  that 
the  anorthosite  is  later  than  the  gneisses  which  intrude  the  Gren- 
ville series.  The  existence  of  granites  of  two  ages  therefore  seems 
to  be  fairly  definitely  established.  The  earlier  of  these  seems  to 
have  been  confined  in  its  distribution  to  the  south  and  east  of 
Lake  St.  John;  in  age  it  postdates  the  deposition  of  the  Grenville 
series  and  antedates  the  intrusion  of  the  anorthosite  masses.  The 
later  granite  was  intruded  mainly  throughout  the  region  to  the 
north  and  west  of  Lake  St.  John,  though  it  is  also  foimd  in  small 
amount  to  the  south  and  east.  In  age  it  is  pre-Cobalt,  but  is 
later  than  the  anorthosite  intrusions  and  the  deposition  of  the 
Mattagami  series. 

« Gtol.  Sun.  Can.,  Mem.  No.  g2y  1916. 

« Gtol.  Surv.  Can.,  Ann.  RepL,  New  Ser.,  VUl  (1897),  Part  J. 

[To  be  coniinued\ 
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A  PLANIMETER  METHOD  FOR  THE  DETERMINATION 
OF  THE  PERCENTAGE  COMPOSITIONS  OF  ROCKS 


ALBERT  JOHANNSEN 
University  of  Chicago 


The  great  objection  to  the  Rosiwal  method  for  deterfaining 
the  composition  of  rocks  lies  in  the  nerve-racking  necessity  of 
continually  reading  the  stage-micrometer,  and  the  length  of  time 
reqidred  for  the  process.  In  a  recent  paper  in  the  Journal  of 
Geology,  Shand*  described  a  mechanical  stage  by  the  use  of  which 
very  few  readings  are  necessary.  An  instnmient  of  this  kind 
undoubtedly  would  greatly  reduce  the  labor  of  computing  the 
composition  of  a  rock  and  tend  to  make  the  method  more  popular. 
Unfortunately  few  laboratories  are  likely  to  have  such  a  stage; 
but  with  the  equipment  on  hand  in  most  institutions,  measure- 
ments more  rapid  and  possibly  more  accurate  may  be  made. 

Many  years  ago  Delesse*  determined  the  compositions  of  rocks 
by  tracing,  on  oiled  paper,  the  outline  of  each  component  as  shown 
in  polished  slabs.  After  coloring  his  drawing  he  pasted  it  on  tin 
foil,  cut  apart  and  sorted  the  different  components,  soaked  off  the 
paper,  and  weighed  the  tin  foil.  Later,  SoUas^  applied  the  method 
to  thin  sections  by  using  a*  camera  lucida,  and  Joljr^  used  photo- 
micrographs. Since  Rosiwal*  introduced  his  method  of  linear 
measurements  in  1898,  it  has  been  the  system  conmionly  used. 

'  S.  J.  Shand,  "A  Recording  Micrometer  for  Geometrical  Rock  Analysis,"  V^omt. 
Geol.,  XXIV  (1916),  394-401. 

'  A.  Delesse,  "  Proc6d6  m^chanique  pour  determiner  la  composition  des  roches/' 
CompUs  Rendus,  XXV  (1847),  544-45;  sec  also  article,  "Proc6d6  m6chanique  pour 
determiner  la  composition  des  roches,"  Ann.  d.  Mines j  XIII  (1848),  379-88. 

^W.  J.  Sollas,  "Contributions  to  a  Knowledge  of  the  Granites  of  Ldnster/' 
Trans.  Roy.  Irish  Acad.,  Dublin,  XXDC  (1887-92),  471-73. 

*J-  Joly,  "The  Petrological  Examination  of  Paving-Sets,"  Proc.  Ray.  Dublin 
Soc.,  X  (1903-5)1  62^2. 

s  August  Rosiwal,  "Vber  geometrische  Gesteinsanalysen,"  Verh,  d.  k.  k.  ged, 
Reichsanst.,  Wein,  1898,  p.  143. 
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The  method  described  below  is  based  on  surface  measurements. 
As  will  be  shown,  these  are  proportional  to  volumes  in  any  uni- 
form, non-banded  rock,  irrespective  of  the  shape  of  the  individual 
components. 

Place  a  camera  lucida  over  the  eyepiece  of  the  microscope  and 
block  up  a  drawing-board  at  the  side  so  that  the  field  of  view  is 
not  too  large,  say  four  or  five  inches  in  diameter.  Tilt  the  micro- 
scope or  incline  the  plane  of  the  paper  until  the  drawing  is  not 
distorted.  This  may  be  determined  by  tracing  the  projection  of 
a  circle  or  square  upon  the  paper  and  measuring  it  in  several 
directions.  If  no  object-glass  with  circle  or  square  is  at  hand, 
place  an  ordinary  object-scale  successively  vertically  at  the  right 
and  left  of  the  field  of  view,  and  hori- 
zontally at  the  top  and  bottom,  and  lay 
off  equal  distances  in  the  projection.  If 
equal  divisions  on  the  scale  are  equal 
everywhere  in  the  drawing,  the  plane  of 
projection  is  at  the  proper  angle  or  the. 
microscope  is  properly  tilted. 

PlaCb  one  edge  of  a  thin  straight-edge 
of  wood,  celluloid,  or  cardboard  on  the 
drawing-board  along  the  projection  of 
the  vertical  cross-hair  as  seen  through 
the  camera  lucida,  and  fasten  it  with 
thxunb  tacks.  This  is  to  serve  as  a  guide 
for  the  stylus  of  a  planimeter,  as  described 
below.     Instead  of  a  straight-edge,  the 

writer  uses  a  piece  of  celluloid  about  i  mm.  thick,  in  which  is  cut  a 
semicircle  (Fig.  i)  exactly  the  size  of  the  field  of  view  (4^  inches 
in  his  microscope  with  a  31-nmi.  objective). 

Select  the  objective  most  suitable  for  the  particular  rock  sec- 
tion in  hand;  the  lower  the  power,  the  better.  Place  a  typical 
area  in  the  field  of  view,  and  make  on  the  cover-glass,  on  the  line 
of  the  vertical  cross-hair,  a  mark  in  red  ink  to  indicate  the 
starting-point.  Place  a  planimeter  on  the  drawing-board  in  such 
a  position  that  the  base  will  not  interfere  with  the  projection  of 
the  section  as  seen  through  the  camera  lucida. 


Fig.  I 
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Place  the  stylus  of  the  planimeter  at  the  top  of  the  field  of 
view  and  on  the  vertical  cross-hair  (Fig.  3,  A),  The  writer 
replaces  the  ordinary  stylus  by  a  heavy  wire  bent  as  shown  in 
Fig.  2,  so  that  the  end  of  the  planimeter  bar  will  not  interfere 
with  a  view  of  the  end  of  the  needle  point.    Adjust  the  length  of 

the  planimeter  bar  so  that  when  the  stylus 
is  moved  aroimd  the  semicircle  (Fig.  i), 
that  is,  half  the  field  of  view,  it  will 
register  exactly  unity  (10  or  100).  This 
Fig.  2  adjustment,  of  course,  is  not  necessary, 

but  by  making  it  all  readings  are  in  per- 
centage values  without  conversion;  otherwise  it  is  necessary  to 
reduce  the  sum  of  the  readings  to  100. 

Record  the  reading  of  the  planimeter  or  set  it  to  zero  by  rotating 
the  wheel.  If  the  bar  has  not  been  set  to  read  100  for  the  field  of 
view,  move  the  stylus  aroimd  the  periphery  of  the  field  in  the 
proper  direction,  right  or  left,  to  record  additions,  and  read  again. 
The  difference  will  give  the  area  of  a  single  field.  Again  set  the 
planimeter  at  zero,  and,  beginning  at  i4,  move  the  stylus  along 
the  straight-edge  to  the  periphery  (Fig.  3,  B)  of  the  first 'grain  of 
the  particular  mineral  chosen  for  the  first  determination,  say 
biotite  in  granite.  Trace  the  outline 
of  this  grain  and  remember  always  to 
move  the  stylus  in  the  same  direction  of 
rotation.  It  will  be  necessary  in  the 
first  readings  to  lift  the  stylus  point 
on  top  of  the  straight-edge  to  record 
the  left-hand  portion  of  the  mineral. 
Having  returned  to  the  point  B,  with- 
out reading  the  planimeter  move  along 
the  straight-edge  to  C  on  the  periphery 
of  the  next  grain  of  biotite  lying  on  the 
line  of  the  vertical  cross-hair ^  and  move 
aroimd  it  in  the  same  way  and  in  the  same  direction  back  to  the 
point  C.  If  the  mineral  of  the  kind  being  measured  lies  in 
the  center  of  the  circle  (Fig.  3,  Z?),  it  is  always  to  be  measured  in 
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the  first  series  of  readings  for  that  kind  of  mineral  so  that  it  may 
not  be  forgotten. 

Rotate  the  stage  of  the  microscope  to  the  left  until  the  left 
margin  of  another  grain  of  biotite  v&just  tangent  to  the  cross-hair. 
Though  the  point  D  at  which  the  stylus  rested  on  the  outline  of 
the  last  mineral  measured  is  moved  to  1/  (Fig.  4)  the  stylus  in 
the  projection,  of  course,  still  rests  at  Z?.  From  this  position 
move  upward  or  downward  to  the  periphery  E  of  the  new  biotite 
grain  tangent  to  the  cross-hair  and  trace  its  outline  in  the  same 
direction  as  before.  Rotate  the  stage  imtil  another  grain  is  tan- 
gent to  the  cross-hair,  trace  its  outline,  and  so  continue  until  all 
of  the  grains  of  biotite  in  the  section  have  been  measured,  and  the 
red  spot  again  lies  on  the  vertical  cross- 
hair. The  object  of  rotating  the  stage 
of  the  microscope  only  so  f  ao:  as  the 
point  of  tangency  of  each  new  grain  is 
to  avoid  confusion  and  the  repetition 
or  omission  of  some  fragment.  Move- 
ments up  and  down  along  the  straight- 
edge, being  plus  and  minus,  are  not 
recorded  when  the  stylus  again  rests 
atil.  When  all  the  grains  of  this 
species  of  mineral  have  been  measured 
and  the  stylus  has  been  returned  to  the 
point  "i4,"  record  the  planimeter  reading  and  subtract  the  pre- 
ceding reading  from  it.  This  gives  the  total  area  of  the  first  min- 
eral measured.  If  there  are  any  inclusions  in  a  mineral  they 
may  be  deducted  by  moving  them  to  the  point  of  tangency  and 
rotating  the  stylus  aroimd  them  in  reverse  direction. 

Begin  tnth  the  red  mark  on  the  slide  again  at  the  top  of  the 
vertical  cross-hair  and  measure  a  second  variety  of  mineral  in 
the  same  manner  as  before,  and  so  on  until  all  the  minerals  are 
determined.  It  is  usually  well  to  measure  the  more  pronoimced 
or  least  abimdant  minerals  first,  leaving  for  the  last  the  most 
abundant,  least  pronounced,  or  groundmass  mineral.  A  slight 
error  in  the  other  readings  will  change  the  true  percentage  less 
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by  leaving  the  most  abundant  mineral  to  the  last  ajid  recording 
it  as  the  difference.  As  a  check,  the  last  mineral  should  be 
measured  and  the  sum  of  all  the  readings  should  be  the  same  as 
that  of  the  field  of  view. 

In  tracing  the  peripheries  of  the  mineral  grains,  when  they  are 
very  irregular,  it  is  not  necessary  to  follow  their  outUnes  abso- 
lutely; the  little  variations  from  one  side  to  the  other  compensate. 
Furthermore,  hackly  ends  may  be  averaged,  long  needles  traced 
to  half  their  length  but  twice  their  width,  and  so  on,  the  results 
being  usually  more  accurate  than  if  the  actual  outlines  are 
followed.  Where  there  are  a  number  of  very  small  grains,  as  of 
magnetite,  they  may  be  estimated  and  a  circle  described  by  the 
stylus  approximately  equal  to  their  sum.  A  little  experience  will 
show  what  may  be  done  in  the  way  of  short  cuts. 

The  number  of  fields  of  view  to  be  measiu-ed  in  a  rock  slide 
depends  upon  its  imiformity  of  texture,  the  mineral  distribution, 
and  the  size  of  grain.  With  small  grains  and  uniform  distribution 
of  minerals,  a  single  field  may  suffice.  With  coarser  grain  or 
unequal  distribution,  it  may  be  necessary  to  take  as  many  fields 
as  will  cover  the  entire  thin  section,  or  it  may  be  advisable  to  use 
several  sections.  If  the  mineral  grains  do  not  fill  the  field  of  view, 
or  if  there  are  pore  spaees,  it  is  only  necessary  to  deduct  the  read- 
ings of  these  from  the  reading  of  the  circle  of  the 'entire  field  of 
view  and  reduce  the  sum  to  loo. 

The  measurement  of  the  dark  minerals  is  easy,  but  the  separa- 
tion of  the  colorless  minerals  may  give  trouble.  Before  running 
the  outline  of  one  of  these,  it  is  usually  well  to  swing  off  the  camera 
lucida,  insert  the  analyzer,  and  rotate  the  stage  to  various  posi- 
tions until  the  boundaries  are  clearly  in  mind;  then,  after  repla- 
cing the  camera  lucida,  place  the  edge  of  the  mineral  tangent  to 
the  vertical  cross-hair  as  before  and,  with  the  nicols  still  crossed, 
trace  the  outline.  The  writer  uses  a  Leitz  microscope  with  simul- 
taneously rotating  nicols  which  makes  it  unnecessary  to  disturb 
the  position  of  the  stage;  the  nicols  only  are  rotated  until  the 
mineral  appears  in  its  most  pronounced  color. 

With  crossed  nicols,  or  when  separating  minerals  of  different 
refractive  indices  by  partially  closing  the  lower  diaphragm,   it 
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may  become  necessary  to  cut  oflF  some  of  the  illumination  from 
the  paper.  This,  of  course,  is  done  by  inserting  the  blue  glass 
screens  provided  with  the  camera  lucida.  In  other  cases,  when 
the  light  from  the  stage  is  too  bright,  the  blue  glass  may  be  swung 
to  that  side,  or,  more  simply,  a  blue  glass  may  be  placed  over 
and  parallel  to  the  thin  section  and  below  the  objective,  or  some 
of  the  light  may  be  cut  oflF  by  holding  a  finger  before  the  mirror, 
by  tilting  it,  or  by  partially  closing  the  lower  diaphragm.  In 
some  cases  one  method  is  best;  in  others,  another.  Sometimes 
the  drawing  or  the  mineral  is  made  more  distinct  by  simply  holding 
the  eye  at  a  greater  distance  from  the  camera  lucida. 

THE  BUTTE  QUARTZ  MONZONITE  MEASURED  BY  PLANIMETER 

The  writer  uses  volume  percentages  for  his  determinations 
instead  of  weight  percentages.  For  example,  a  rock  is  half-light 
and  half-dark  to  the  eye  when  the  volumes  are  50-50  and  not 
when  their  Aveight  percentages  are  50-50.  Thus  a  rock  half 
plagioclase  and  half  magnetite  by  volume  would  have  the  propor- 
tions 34.4  to- 65. 6  by  weight.     In  the  following  table,  therefore, 


RosxwAL  Determinations  by 

FouE  DirrEEENT  Stitdents 

ON  THE  Same  Slide 

Volume  Percentages 

Aver- 
age or 
Preced- 
ing 

Aver- 
age OP 
Follow- 
ing 

Planimeter  Determinations  on  Four  Doterent 
Areas  op  Same  Slide  as  First* 

First  Area 

Second  Area 

Third  Area 

^Fourth  Area 

QuuU 

OrtliocUae.... 
PlifiorUflc... 

Biotite 

FtxilK^ 

Maniedte.... 
Pynte»etc.... 

14.80 
34.52 
34.5a 

]% 

.44 

.07 

17. 24 

36.  ox 

45.50 
5.30 

.95 

18.07 

37.80 

38.67 

9.67 

4.61 

17.24 
42.46 

'•1 

.16 

16.84 

37.73 

40.39 

8.19 

6.13 

41 

.40 

28.  s 

39.9 

7.4 

5.2 

-4 

.2 

33.9 

30.3 

46.5 

4-5 

5.0 

.1 

.4 

33.0 

19.8 

47.2 

5.4 

5.2 

.1 

.3 

.7.5 

30.2 

36.6 

8.3 

5.9 

1.3 

.3 

18.0 
31.0 

36.0 

li 

I.O 
.2 

18.x 
31.5 
34.x 

IX 

.2 

17.9 
31.8 

7.0 
.5 

15. 1 
31.6 
42.7 

•  3 

14.8 

32.1 

41.8 

7.9 

3.0 

.4 

90-99 

99.96 

99.95 

xoo.oo 

99.98 

100. 0 

100. 0 

100. 0 

xoo.o 

100. 0 

xoo.o 

xoo.o 

xoo.o 

xoo.o 

<Thc  volume  perceDtases  by  the  planimeter  method  here  given  are  not  to  be  compared  with  the  weight  percentages  in 
the  paper  by  Johaxmaen  and  Stephenson  in  the  preceding  number  of  this  Journal,  since  they  represent  a  single  and  not 
typical  slide;  namely,  the  one  shown  in  the  first  column  oxTable  III  in  that  article. 


volume  percentages  are  used.  The  first  four  columns  give  the 
Rosiwal  readings  made  by  four  different  students  on  the  same 
slide  of  Butte  quartz  monzonite;  the  fifth  column  is  their  average. 
The  sixth  column  is  the  average  of  eight  planimeter  readings  on 
four  fields  of  the  same  slide.  The  similarity  of  each  pair  of  read- 
ings is  to  be  noted.     The  differences  shown  by  the  four  fields  are 
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not  due  to  errors  of  reading  but  to  actual  differences  in  different 
portions  of  the  slide,  the  rock  being  coarse  enough  to  show  such 
variations.  It  is  true  that  the  planimeter  readings  were  all  made 
by  one  person  and  not  by  different  individuals,  which  may  account 
somewhat  for  their  similarity,  though  clearly  showing  that  the 
error  cannot  be  great.  The  averages  obtained  by  the  two  methods 
are  very  similar  in  spite  of  the  fact  that  some  of  the  students' 
readings  are  clearly  in  error.' 

The  length  of  time  required  for  a  planimeter  reading  of  a 
single  field  of  a  rock  of  the  character  of  the  one  here  used  is  about 
ten  minutes  or  less.  Using  four  fields,  a  complete  determination 
can  be  made  with  ease  in  three-quarters  of  an  hour,  and  without 
any  great  mental  strain  during  the  process. 

RELATIONSHIP  BETWEEN  AREAS  AND  VOLUMES 

In  the  discussion  of  the  relationship  between  surface  and 
volume  measurements,  the  mistake  has  commonly  been  made  of 
considering  this  as  a  comparison  between  d^  and  d^  to  D^  and  D^, 
where  d  is  the  length  of  a  side  of  a  square  representiiig  the  sum  of 
all  grains  of  .the  same  mineral  appearing  in 
a  section,  and  D  the  side  of  a  square  repre- 
senting the  entire  surface.  As  a  matter  of 
fact,  in  a  rock  with  uniformly  distributed 
particles,  this  is  not  the  relationship  at  all, 
for  if  the  mineral  grains  under  consideration 
were  floated  to  one  side  of  the  cube  they 
would  make  a  thin  tablet,  one  dimension  (d,) 
depending  upon  the  abimdance  of  the  min- 
eral, each  of  the  other  two  equal  to  the  side  of  the  large  cube 
(Fig.  5,  Z?).  In  the  Rosiwal  method  this  is  the  way  in  which  the 
minerals  are  to  be  considered  as  placed,  and  each  Rosiwal  reading 
from  west  to  east  includes  the  proper  proportion  of  the  mineral. 
The  surface  value  is  dxD,  not  d^,  and  the  volume  d^D^^  not  rfi^. 
If  one  measures  areas,  the  mineral  may  be  considered  floated  to 

'  In  explanation  it  must  be  said  that  the  determinations  here  given  were  the 
students'  first  efforts  with  the  Rosiwal  method.  The  planimeter  determinations 
are  by  the  writer. 
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a  vertical  edge  (Fig.  6)  forming  a  vertical  prism  whose  dimensions 
are  d,  d,  and  D;  the  value  of  d,  of  course,  diflfering  from  the  di 
value  but  such  that  Ddj^d^,  The  surface  and  volume  values 
in  each  case,  natiurally,  are  the  same.  This  may  easily  be  seen 
by  considering  a  solid  built  up  of  black  and  white  cubes. 

I.      CASE  OF  CUBICAL  GRAINS,  UNIFORMLY  DISTRIBUTED 

a)  Assume  a  cube,  10  inches  to  a  side,  built  up  of  small  black 
and  white  inch  cubes,  uniformly  distributed.  If  the  black-white 
ratio  is  50-50,  every  other  block  must  be 

black.  Moved  to  one  side  so  that*  all  the 
black  cubes  are  together  (Fig.  5),  the  num- 
ber at  the  surface  will  be  50,  distributed  in 
a  rectangle  whose  sides  are  dj  and  D  (5  Xiq). 
Moved  to  one  edge  the  50  square  inches  of 
surface  would  appear  as  a  square,  seven 
cubes  on  a  side  and  one  left  over;  in  other 
words,  d  =  7 .  07 + .  The  total  number  of  black 
cubes  is  500;  therefore  the  volume  is  not  represented  by  d^ 
(==353-5+)  but  by  d*Z>  =  50X10  =  500.  The  relationship,  there- 
fore, between  the  black  minerals  appearing  at  the  surface  to  the 

d^ 
entire  surface  is  as  ^ ,  while  the  volume  relation  of  black  to  white 

;  Dd^  d^  d'         Dd' 

is  -j^  and  not  ^ .    But  -^  and  -j^  are  equal;  therefore  the  ratios 

of  surface  and  volume  measurements  are  equal. 

b)  If  the  ratio  of  black  to  white  is  very  small,  such  as  i  to 
10,000,  it  will  not  do  to.  assume  that  the  black  mineral  occurs  as 
a  single  cube,  whose  volume  is  ^cubic  inch,  in  a  lo-inch  cube  of 
white,  for  that  would  vitiate  the  original  assumption  of  uniform 
distribution  of  constituents.  If  we  say  that  the  ratio  of  surface  to 
solid  is  as  d^  to  d^  it  means  that  our  mineral  all  lies  in  the  top  layer 
and  is  not  uniformly  distributed.  It  is  comparable  to  saying  that 
a  topaz  granite  in  which  an  accidental  crystal  of  topaz  occupies 
half  the  slide  is  half -topaz,  while  as  a  matter  of  fact  there  naight 
be  but  a  single  crystal  to  a  cubic  foot.  Consider,  therefore,  that 
the  small  amount  of  black  mineral  is  uniformly  distributed  in 
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cubes  measuring  yV'^^ch  on  a  side  (d=TV  inch).  If  now  all  these 
small  cubes  be  gathered  along  one  of  the  vertical  edges  of  the 
large  cube,  the  portion  of  the  black  mineral  of -the  entire  block 
which  will  appear  at  the  surface  (Fig.  6)  will  be  d"  =  (tV)%  and 

the  black-white  surface  ratio  will  be  ^  =  -^—^  =1-0  w^r-    That  is, 

the  black  mineral  forms  .01  per  cent  of  the  surface.    The  volume 

ratio  of  black  to  white  is  -7^  =  10  ^^,  ^TThnr-     The    volume 

ratio,  therefore,  is  the  same  as  the  siurface  ratio.    . 

n.      CASE- OF  TABULAR  PLATES,  X7NIF0RMLY  DISTRIBUTED 

Let  a,  6,  and  c  represent  the  ratios  of  length,  breadth,  and 

thickness  of  tabular  dark  constituents.    If  they  are  uniformly 

distributed  the  same  nuiftber  of  flakes  will  be  contained  in  each 

layer  below  the  upper  surface;  consequently  no  matter  what  the 

thickness.  Dab  represents  the  volume  of  the  black  blocks,  while 

D^  represents  the  large  block.    The  ratio  of  surface  measure- 

ab  Dab    ab 

ments  to  the  whole  is  1^,  and  of  volumes  -^  ~  ni>  consequently 

the  two  are  equal. 

With  thinner  flakes  there  would  be  more  layers  in  the  large 
cube,  And  with  thicker,  less.  But  no  matter  what  the  ratio  of 
a  to  6  to  c,  the  surface  percentage  is  the  same  as  the  volume  per- 
centage, provided  the  grains  are  equally  distributed.  Of  course  a 
laminated  rock,  with  layer  of  different  minerals,  might  be  so  cut 
that  one  slide  would  contain  no  dark  minerals  and  one  no  light. 
A  cross-section  of  such  a  slide,  however,  i^ould  give  correct  results, 
for  the  distribution  at  right  angles  to  the  slide  is  uniform. 

m.      CASE  OF  CLOSELY  PACKED  CYLINDRICAL  RODS 

This  case  is  approximately  the  same  as  the  preceding,  for  in 

one  direction  in  the  slide  the  mineral  is  continuous  while  in  the 

other  there  is  interstitial  material.    Sections  should,  therefore,  be 

taken  at  right  angles  to  the  elongation.    The  surface  ratio  is 

Tr'  Drr' 

jy;  ,  and  the  volume  —j^  .    As  before,  the  two  are  the  same. 
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IV.  CASE  OF  SPHERES  CLOSELY  PACKED  AND  SQUEEZED  TOGETHER 

When   spheres   axe   closely  packed   and   are   then   squeezed 

together  they   tend    to    assume    the    form    of    dodecahedrons. 

A  cross-section  through  such  a  mass  will  give  a  sferies  of  triangles. 

bh 
If  J  is  the  base  of  such  a  triangle  and  h  its  height,  its  area  is  —  . 

Nbh  will  be  the  area  of  the  sum  of  such  triangles  and  the  ratio  to 
the  whole,  -^  .  Since  every  parallel  section  will  give  an  equal 
distribution  of  light  and  dark,  the  volimie  of  dark  mineral  will 
be  DNbh  and  its  ratio  to  the  whole  ^3  ,  which  is  the  same  per- 
centage ratio  as  in  the  case  of  the  surface  measurement. 

Thus,  no  matter  what  the  shape  of  the  individual  mineral 
grains,  if  they  are  imiformly  distributed  the  siurface  ratios  are 
exactly  the  same  as  are  the  volume  ratios;  consequently  surface 
measurements  may  be  used  to  represent  volume  measurements  in 
the  determination  of  the  composition  of  a  rock. 
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GEOLOGY  OF  FLORIDA 


£.  H.  SELLARDS 
University  of  Texas,  Austin 


To  those  who  have  seen  Florida  but  casually  it  may  seem  that 
the  geology  of  the  state  is  entirely  obscured  beneath  the  sand,  soil, 
and  vegetation  of  the  prevailingly  level  surface.    But  to  those  who 
have  looked  more  closely  it  is  apparent  that  such  is  not  the  case- 
It  is  true  that  the  problems  of  geology  are  made  more  difficult  by  the 
lack  of  frequent  and  continuous  exposures,  but  they  are  not  neces- 
sarily made  impossible  of  solution.    The  niunerous  stream  channels, 
railway  and  public-road  cuts,  drainage  canals,  and  drilled  wells 
afford  records  from  which  the  stratigraphic  succession  and  structure 
of  formations  may,  with  patience  and  persistence,  be  worked  out 
Fortunately  many  of  the  formations  of  the  state  are  richly  fossilif- 
erous.    Nowhere  in  the  United  States  do  the  Tertiary  and  Quarter- 
nary  formations  contain  a  more  abundant,  more  varied,  or  better 
preserved  marine  invertebrate  fauna  than  in  Florida.    In  this 
respect  there  is  an  embarrassment  of  riches.    Dr.  Dall  in  his  study 
of  the  fossils  of  the  Caloosahatchee  marl,  recognized  in  that  forma- 
tion alone  the  presence  of  more  than  600  species  of  mollusks. 
Vertebrates,  although  as  a  rule  not  so  well  preserved  as  the  inverte- 
brates, are  relatively  niunerous.    No  state  east  of  the  Mississippi, 
perhaps,  contains  so  many  Tertiary  and  Quartemary  vertebrates 
as  does  Florida.    Fossil  plants,  although  less  abundant  than  either 
invertebrates  or  vertebrates,  are  not  wanting.    It  is  seldom  the  case 
that  a  single  formation  holds  both  land  apd  marine  fossils,  yet 
something  of  an  insight  into  the  interrelation  of  the  marine  inverte- 
brates, land  animals,  and  land  plants  is  secured  in  the  Florida 
Miocene  and  again  in  the  Florida  Pleistocene.     In  the  study 
of  the  fossils,  Florida  is  in  many  respects  a  state  of  exceptional 
opportunities. 

286 
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TOPOGEAPHY  AND  ELEVATION 

In  topographic  detail  and  surface  configuration  Florida  is  by 
no  means  lacking  in  variety.  In  this  respect  the  state  pre- 
sents much  greater  diversity  than  would  have  been  anticipated  in 
view  of  the  fact  that  the  maximum  elevation  within  the  state 
scarcely  exceeds  300  feet  above  sea-level.  In  the  upland  section 
of  the  state  the  intimate  relation  between  topography  and  geology 
becomes  apparent.  The  limestones  under  the  influence  of  a  heavy 
rainfall  and  an  excess  of  humic  acids  in  the  ground  water  have 
dissolved  rapidly,  and  when  lying  near  the  surface  have  produced  a 
characteristic  topography.  The  lowlands  bordering  the  coast,  on 
the  other  hand,  have  been  but  little  affected  by  erosion,  and  in  these 
areas  the  sui  face  is  perhaps  but  slightly  modified  from  its  original 
condition.  Of  the  land  area  of  the  state,  approximately  one-half 
lies  below  the  so-foot  contour  linfe.  This  belt  of  land  below  the 
So-foot  contour  includes  all  of  the  peninsula  south  of  the  northern 
end  of  Lake  Okeechobee,  and  in  addition  a  strip  of  varying  width 
bordering  the  Atlantic  and  Gulf  coasts.  Aside  from  beach  deposits 
and  sand  dunes,  this  belt  of  country  is  prevailingly  level.  The 
surface  deposits  are  usually  sandy,  although,  as  will  be  subsequently 
indicated,  limestones  underlie  considerable  areas. 

The  higher  lands  of  the  interior  of  the  state  present  for  the  most 
part  topographic  features  that  are  difficult  of  description,  owing  to 
the  apparent  irregularity  and  lack  of  system  of  the  hills  and  valleys. 
Over  much  of  this  area  the  topographic  features  are  the  result  of  the 
solution  of  the  imderlying  calcareous  deposits,  and  the  prevailing 
surface  configiuration  includes  depressions  or  solution  basins  of 
varying  size  and  depth,  and  hills  of  varying  size  and  height.  Within 
the  area,  the  topography  of  which  is  controlled  by  underlying  cal- 
careous deposits,  are  two  subdivisions  which  are  worthy  of  special 
mention.  These  are  the  "  sink-hole  region,"  which  lies  chiefly  along 
the  west  slope  of  the  peninsula,  and  the  "lake  region,"  which  lies 
for  the  most  part  near  to  or  somewhat  east  of  the  center  of  the 
peninstda.  In  the  sink-hole  region  the  limestones  lie  at  no  great 
depth.  The  sinks  which  form  as  a  result  of  the  solution  of  the 
limestones,  thus  allowing  the  covering  to  fall  in,  usually  reach 
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through  to  permanent  water  level,  thus  forming  small  circular  lakes. 
In  the  lake  region  the  calcareous  rocks  are  covered  to  a  greater 
depth.  The  lakes  are  usually  curcular  in  outline  and  are  deep,  with 
high  banks.  In  extreme  western  Florida,  including  Escambia  and 
Santa  Rosa  coimties,  the  calcareous  deposits  are  buried  beneath 
the  surface  to  such  a  depth  as  not  to  affect  the  topography.  A 
similar  region  is  found  on  the  east  bank  of  the  Apalachicola  River, 
including  Gadsden  and  the  northern  part  of  Liberty  coimties. 
Under  these  conditions  the  topography  is  determined  by  the  normal 
drainage  courses. 

CLIMATE,   TEMPERATURE,   AND  RAINFALL 

The  climatic  conditions  of  the  state  are  appreciably  influenced 
by  the  proximity  to  oceanic  waters.  This  is  especially  noticeable 
with  regard  to  temperature,  rainfall,  and  humidity.  The  tempera- 
ture is  moderate,  the  rainfall  moderately  heavy,  and  the  himiidity 
high.  The  mean  aimual  temperature  near  the  northern  line  of 
Florida  is  about  67*^  F.,  while  at  Key  West  in  extreme  southern 
Florida  the  mean  annual  temperature  is  close  to  77°  F.  By  far  the 
greater  part  of  the  state  lies  within  an  area  which  receives  between 
48  and'  57  inches  annual  rainfall.  In  extreme  southern  Florida  on 
the  Keys  is  a  small  area  in  which  the  rainfall  is  much  less,  the 
average  for  the  station  at  Key  West  being  about  38  inches.  On  the 
other  hand  a  small  area  in  extreme  western  Florida  and  another 
along  the  South  Atlantic  Coast  receives  an  annual  rainfall  approxi- 
mating 60  inches.  The  average  annual  rainfall  for  the  statfe  as  a 
whole  is  close  to  54  inches.  The  rainfall  is  distributed  irregularly 
throughout  the  year.  The  driest  months  are  April  and  November, 
while  the  heaviest  rainfall  comes  as  a  rule  from  June  to  September. 
Variation  in  rainfall  is  pronounced  in  Florida.  This  variation  is 
due  in  part  to  normal  seasonal  variations,  and  in  part  to  the  influ- 
ence of  heavy  tropical  storms,  especially  those  of  the  late  summer 
and  fall.  These  storms,  or  hurricanes,  which  fortunately  are  not 
of  frequent  occurrence,  usually  result  in  a  heavy  precipitation  in  the 
belt  of  country  through  which  they  pass. 

The  maximum  recorded  precipitation  for  one  year  in  Florida  is 
probably  that  of  191 2,  at  which  time  the  rainfall  for  the  state  was 
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64 .88  inches  {Climatological  Report,  1912).  The  maximum  for  any 
one  station  during  this  exceptional  year  was  91 .61  inches,  at  Mo- 
lino  in  Escambia  County.  The  maximum  recorded  rainfall  for  any 
one  month  at  a  single  station  is  31 .  26  inches,  which  is  credited  to 
August,  although  in  July,  1916,  the  rainfall  at  Bonif^iy,  in  Holmes 
County,  was  30.6  inches.  The  rainfall  of  a  single  storm  lasting 
somewhat  more  than  one  day  has  been  known  t^  exceed  10  inches. 
The  rainfall  for  a  period  of  twenty-four  hours  is  known  to  have  been 
as  much  at  a  single  station  as  13.18  inches.  As  much  as  3.90 
inches  is  recorded  as  having  fallen  in  one  hour  at  Tampa  in  August 
{Climatological  Data,  sec.  84). 

DRAINAGE 

The  drainage  conditions  in  Florida  are  in  some  respects  excep- 
tional. In  that  part  of  the  state  in  which  limestones  are  near  the 
surface,  especially  on  the  upland  limestone  section  of  the  interior, 
the  drainage  is  largely  subterranean,  although  much  of  the  water 
that  thus  enters  the  earth  reappears  through  large  springs  which 
supply  streams.  In  the  limestone  belt  the  rainfall  enters  the  earth 
either  directly  through  the  surface  materials  or  through  disappearing 
streams  which  discharge  their  flow  into  porous  rocks.  The  sub- 
terranean drainage  is  best  developed  in  that  part  of  the  state  known 
as  the  "lime  sink"  region,  where  aside  from  the  main  rivers  there 
are  few  or  no  surface  streams.  Partial  subterranean  drainage, 
however,  is  characteristic  of  a  very  much  larger  area,  and  for  the 
state  as  a  whole  the  average  for  surface  rim-off  is  low. 

The  prevailingly  level  country  over  much  of  the  state,  together 
with  porous  soils,  results  in  but  limited  surface  wash.  However, 
in  the  more  hilly  parts  of  the  state  the  wash  of  road  beds  and  soils 
under  the  influence  of  heavy  rains  is  sometimes  serious. 

The  streams  of  Florida  for  the  most  part  have  a  slight  gradient 
and  are  slow-moving.  The  drainage  of  the  westward  extension  of 
the  state  is  through  numerous  streams,  of  which  the  Apalachicola  is 
the  largest,  having  a  general  north-south  direction.  The  drainage 
basins  of  the  peninsula  are  for  the  most  part  ill-defined.  The  St. 
Johns  River,  which  flows  north,  and  the  Kissimmee  River,  which 
flows  south,  receive  much  of  the  drainage  of  the  Atlantic  slope. 
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Entering  the  Gulf  of  Mexico  from  the  western  slope  of  the  penmsula 
are  a  number  of  streams,  among  which  are  the  Suwannee,  With- 
lacoochee,  Hillsboro,  and  Caloosahatchee  rivers. 

GEOLOGY 

Florida  lies  entirely  within  the  Coastal  Plains  province  and  the 
formations  exposed  at  the  siurface  are  all  of  the  Cenozoic  era.  The 
amoimt  of  limestone  in  Florida  is  relatively  large;  nevertheless,  a 


Pleistocene. . , 


Pliocene . 


TABLE  OF  GEOLOGIC  FORMATIONS  IN  FLORIDA 


Palm  Beach  limestone.    Marine.  5-  50 

Miami  Odlitic  limestone.    Marine.  10-50 

Key  Largo  limestone.    Marine.  75-100 

Key  West  limestone.    Marine. .  50-  70 

Lostmans  River  limestone.    Marine.  30-  40 
Fort    Thompson  beds.    Marine  and 

fresh  water.  o-  20 

Unconformity  in  places  (at  least). 

Bone  Valley  formation.    Estuarine. 
Alachua  formation.    Residual. 
Caloosahatchee  formation.    Marine. 
Nashua  formation.    Marine. 


Miocene . 


Oligocene . . . 


Eocene . 


20-100 
20-100 
10-  25 
10-  30 

'Choctawhatchee  formation.    Marine.  30-  50 
Jacksonville  formation.    Marine.       lliickness  undetermined 
Alum    Bluff    formation.    Marine; 
shallow  water.  50-400 

Unconformity  where  Miocene  overlaps  Eocene. 

(Tampa  formation.    Marine.  0-130 

Chattahoochee  formation.    Marine.   100-200 


Cretaceous. . 
Comanchean 


[Vicksburg  formation.    Marine. 

Unconformity  in  places  (at  least). 

fOcala  formation.    Marine. 
\  Claiborne  formation.    Marine. 

Unconformity. 

. .  Unknown. 

.  .Known  only  from  well  cuttings. 


20-  60 


50 


Thickness  not  known 


very  considerable  quantity  of  sedimentary  material,  including  sand, 
clay,  and  flint  pebbles,  was  carried  to  the  south  and  included  in  some 
of  the  Florida  formations.  The  progress  made  in  recent  years  in  the 
study  of  the  geology  of  Florida  has  made  necessary  a  number  of 
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changes  in  the  classification  of  the  formations  of  the  state.  Of  the 
formation  names  formerly  in  use,  one  or  two  have  been  discarded, 
and  on  the  other  hand  several  new  names  have  been  added.  The 
classification  which  at  present  best  represents  our  knowledge  of  the 
geology  of  the  state  is  expressed  in  the  table  (p.  290).  A  recently 
discovered  fact  in  regard  to  the  geology  of  Florida  is  the  presence  of 
Comanchean  formations  forming  the  substructure  of  the  peninsula 
and  extending  at  least  as  far  west  as  Tallahassee.'  Scarcely  less 
remarkable  is  the  complete  absence,  so  far  as  any  records  yet 
obtained  indicate,  of  the  Cretaceous  formations  (Upper  Cretaceous). 
If  any  of  these  formations  were  present  they  were  removed  by 
erosion  previous  to  the  deposition  of  the  late  Eocene  formations. 
Their  absence  in  any  case  can  be  accoimted  for  only  by  a  long  period, 
previous  to  the  late  Eocene,  during  which  the  Florida  land  mass 
stood  above  water-level.  The  earth  structure  by  which  this  pen- 
insular land  mass  was  produced  thus  dates  back  at  least  into  the 
Mesozoic  period. 

STRATIGRAPmC  SUCCESSION 
COMANCHEAN  FORMATIONS 

The  oldest  formations  that  have  been  recognized  in  Florida  are 
those  encoimtered  in  well  drilling  and  known  at  present  only  from 
weU  cuttings.  The  fossils  foimd  in  these  cuttings  indicate  the 
presence  of  Comanchean  formations  under  all  of  the  peninsula  and 
a  part  at  least  of  west  Florida.  The  discussion  of  these  formations 
together  with  the  data  from  which  they  have  been  determined  has 
been  given  by  Dr.  J.  A.  Cushman  in  the  Twdfih  Annual  Report  of 
the  Florida  Geological  Survey.  The  thickness  of  the  Comanchean 
underlying  Florida  has  not  been  determined.  The  formations  are 
chiefly  limestone.  The  Cretaceous  (Upper  Cretaceous)  is  wanting 
in  all  deep  wells  of  which  record  has  been  obtained. 

EOCENE 

The  Eocene  deposits  are  represented  in  Florida  by  the  Claiborne 
and  Ocala  formations.  The  Claiborne  formation  comes  into  Florida 
for  only  a  short  distance  on  the  Choctawhatchee  River  near  the 

*  Jo6q>h  A.  Cushman,  "The  Age  of  the  Underlying  Rocks  of  Florida  as  Shown  by 
the  Foraminifera  of  Well  Borings,"  Florida  StoU  Gail.  Sun,,  12th  Ann.  Rept.,  1919. 
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Georgia-Florida  border.  Where  exposed  on  the  Choctawhatchee 
River  this  formation  consists  of  a  glauconitic  calcareous  sand  rock, 
exposures  of  which  are  seen  at  intervals  on  the  river  banks  for 
about  one  and  two-thirds  miles  downstream  from  the  Georgia- 
Florida  line,  beyond  which  it  passes  below  the  bed  of  the  river. 
The  thickness  of  this  formation  in  Florida  has  not  been  determined. 
The  Ocah  formation  as  developed  in  Florida  consists  for  the 
most  part  of  very  pure  limestone.  Fossils  are  abundant,  although 
many  of  the  mollusks  are  preserved  only  as  casts.  The  rock  as  a 
rule  is  granular  and  porous,  although  in  places,  by.  replacement,  it 
has  become  close-grained  and  compact.  Masses  and  layers  of  flint 
representing  limestone  replaced  by  silica  are  of  frequent  occurrence 
in  this  formation.  Aside  from  the  flint  masses  much  of  the  rock 
consists  of  soft  white  limestone  or  shell  marl.  This  formation  is 
exposed  to  a  limited  extent  on  the  Chipola  River  near  Marianna, 
and  also  over  a  considerable  area  in  central  peninsular  Florida. 
According  to  recent  studies  by  Cushman  the  thickness  of  the  foraia- 
tion  is  very  moderate,  in  places  not  exceeding  40  or  50  feet. 

OLIGOCENE 

The  Oligocene  as  limited  by  recent  investigations  includes  in 
Florida  only  the  Vicksburg,  Chattahoochee,  and  Tampa  forma- 
tions. The  Ocala  formation,  which  had  been  placed  by  Dall  and 
others  in  the  Oligocene,  has  been  placed  in  the  Eocene  upon  the 
evidence  of  the  molluscan  fauna.*  The  Alum  Bluff  formation  on 
the  other  hand  formerly  referred  to  the  Upper  Oligocene  has  been 
placed  in  recent  years  in  the  Miocene  on  the  evidence  of  the 
vertebrates  and  invertebrates." 

The  Vicksburg  formation  consists  of  limestones  lithologically  not 
imlike  those  of  the  Ocala  formation.  Exposures  of  the  Vicksburg 
formation  are  found  in  Florida  near  Marianna  and  Chipley,  in 
Ja,ckson  and  Washington  counties. 

« G.  Wythe  Cooke,  "The  Age  of  the  Ocala  Limestone,"  U,S,  Ged.  Surv.,  Prof. 
Paper  95,  1915,  pp.  107-17. 

*  £.  H.  Sellards,  "Fossil  Vertebrates  from  Florida;  a  New  Miocene  Fauna;  New 
Pliocene  Species;  the  Pleistocene  Fauna,"  Florida  Slate  Geol,  Surv.,  8lh  Ann.  Re^., 
1 91 6,  pp.  77-119,  5  pis.  Carlotta  J.  Maury,  "Santo  Domingo  Type  Sections  and 
Fossils,"  Bull.  Amer.  Faleonldogy,  V,  No.  30  (1917),  Correlation  table. 
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The  Chattahoochee  and  Tampa  formations,  which  apparently^ 
are  in  part  at  least  contemporaneous  in  deposition,  constitute  the 
upper  part  of  the  Oligocene  as  developed  in  Florida.  The  Chatta- 
hoochee farmatum  is  well  exposed  on  the  Chattahoochee  River  from 
the  Georgia-Florida  state  line  to  Rock  Bluff,  a  distance  of  about 
twelve  miles.  Another  considerable  belt  of  exposures  of  this 
formation  is  foimd  extending  from  the  Ocklocknee  River  to  or 
somewhat  east  of  the  Suwannee  River,  and  from  near  the  Georgia- 
Florida  state  line  to  the  Gulf  border.  The  formation  as  exposed 
on  the  Apalachicola  River  includes  impure  clayey  limestones.  A 
rather  harder  and  perhaps  more  nearly  pure  limestone  phase 
of  the  formation  shows  between  the  Ocklocknee  and  Suwannee 
rivers. 

The  Tampa  formation  is  exposed  on  the  Hillsboro  River  and  on 
the  Manatee  River  near  Tampa.  It  is  likewise  a  limestone  varying 
in  hardness  and  in  purity.  The  thickness  of  the  Oligocene  in 
Florida  is  difficult  to  determine,  since  there  are  no  surface  exposures 
that  afford  a  measurement  of  the  combined  thickness  of  the  forma- 
tions. The  evidence  from  well  records  as  to  the  thickness  of  these 
beds  is  at  present  too  indefinite  to  be  of  service. 

MIOCENE 

The  Miocene  of  Florida  includes  the  Alum  Bluff,  Jacksonville, 
and  Choctawhatchee  formations.  The  Alum  Bluff  formation, 
formerly  referred  to  the  Oligocene,  as  already  noted  has  been  placed 
in  the  Miocene  on  the  evidence  of  the  vertebrate  and  invertebrate 
fossils.  The  materials  of  this  formation  include  calcareous  sands 
and  sandstones  varying  to  sandy  limestones,  calcareous  clays, 
fuller's  earth  days,  and  sands.  The  conditions  under  which  the 
formation  was  deposited  were  evidently  shallow  water  often  in  the 
presence  of  conflicting  currents.  This  is  especially  true  of  the  upper 
part  of  the  formation  in  which  cross-bedding  is  not  uncommon. 
Fossil  plants  are  foimd  in  this  formation  at  the  type  locality  at 
Alum  Bluff.  At  the  fuller's  earth  mines  in  Gadsden  Coimty  there 
is  foimd  a  limited  although  extremely  interesting  land  vertebrate 
fauna  associated  with  a  shallow  water  invertebrate  faima.  Farther 
to  the  west  on  the  Choctawhatchee  and  Yellow  rivers  the  formation 
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is  more  distinctly  marine  and  contains  an  abundant  marine  inverte- 
brate faima.  In  the  southern  part  of  the  state  the  deposits  which 
are  believed  to  represent  the  equivalent  of  the  Alum  Bluff  formation 
are  distinctly  phosphatic.  As  there  developed  the  fqnnation  con- 
sists chiefly  of  shell  marl  beds  in  which  is  included  black,  brown,  and 
white  phosphate  pebble. 

Deposits  found  on  Black  Creek  in  Clay  Coimty  and  referred  to 
the  Jacksonville  formation  are  lithologically  very  similar  to  the  Alum 
Bluff  formation  as  developed  in  south  Florida,  and  contain  similar 
phosphate  pebble. 

The  Choctawhaichee  formation  is  later  in  age  and  overlies  the 
Alimi  Bluff  formation.  It  is  chiefly  a  loosely  cemented  shell  marl, 
formed  in  shallow  water  and  often  quite  sandy.  The  surface 
outcrop  of  this  formation  occupies  a  narrow  belt  extending  in  a 
general  east-west  direction  from  west  of  the  Choctawhatchee  to 
somewhat  east  of  the  Ocklocknee  rivers.  In  determining  the  thick- 
ness of  the  Miocene  it  is  necessary  to  rely  on  well  samples.  At 
Jacksonville  the  Miocene  apparently  extends  from  near  the  surface 
(about  33  feet)  to  possibly  as  deep  as  500  feet,  giving  for  the 
formations  of  this  period  a  thickness  approximating  450  feet. 
Probably  at  least  400  feet  of  the  section  of  the  well  at  Fort  Myers 
is  likewise  to  be  referred  to  the  Miocene,  while  in  the  well  at 
Okeechobee  the  Miocene  apparently  approximates  400  feet  in 
thickness. 

Phosphate  in  the  Miocene, — ^Phosphate  rock  in  considerable 
quantity  appears  for  the  first  time  in  the  Lower  Miocene'  (Alum 
Bluff  formation),  the  phosphates  of  both  the  Alachua  and  Bone 
Valley  formations  having  been  derived  from  this  formation;  the 
hard  rock  chiefly  by  chemical,  the  land  pebble  phosphate  chiefly  by 
mechanical,  segregation.*    While  the  processes  of  concentration  to 

'  In  a  well  at  Apopka,  Florida,  described  in  the  Twelfth  Annual  Report  of  the  Florida 
Geological  Survey,  Comanchean  foiaminifera  have  been  identified  by  Cushman  from 
limestone  or  marls  with  which  is  included  a  considerable  quantity  of  pebble  phosphate 
through  a  thickness  of  about  170  feet.  Whether  the  phosphate  belongs  in  this  lime- 
^toQe  or  has  fallen  down  from  a  higher  level  remains  to  be  determined.  At  no  other 
locality  U  pebble  phosphate  found  in  the  Comanchean. 

'  K.  H.  Sellards,  "Origin  of  the  Hard  Rock  Phosphate  Deposits  of  Florida," 
Fhmda  State  Ged.  Surv,,  5th  Ann.  Rept.,  1913,  pp.  23-66;  "The  Pebble  Phosphates  of 
Florida,"  iind.f  7th  Ann.  Rept.^  191S1  PP-  25-116. 
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workable  deposits  can  be  reasonably  well  followed  there  remains  the 
problem  of  the  origin  of  the  phosphate  in  the  Alum  Bluff  formation 
itself.  The  Eocene  and  Oligocene  formations  of  peninsular  Florida, 
are  calcareous,  some  of  them  being  very  pure  limestones.  During 
the  Lower  Miocene,  however,  the  conditions  were  changed  to  such 
an  extent  that  very  considerable  quantities  of  land-derived  sedi- 
ments were  carried  into  northern  Florida.  This  change  was  perhaps 
gradual,  as  the  lower  part  of  the  Alum  Bluff  formation  is  more 
calcareous  than  the  upper  part.  Likewise  the  Alum  Bluff  formation 
of  southern  Florida  is  more  calcareous  than  the  same  formation  in 
northern  Florida.  At  Alum  Bluff,  land  plants  are  preserved  in  this 
formation,  and  in  the  fiiller's  earth  mines  are  found  land  vertebrates. 
In  south  central  Florida  more  or  less  shell  marl  is  foimd  in  the  Alum 
Bluff  formation  and  in  southern  Florida  a  deposit  of  shell  marl  of 
great  thickness  was  accumulated  diiring  this  time.  It  seems 
probable  that  the  phosphates  of  the  Alimi  Bluff  formation,  from 
which*  in  later  times  wete  formed  the  workable  phosphate  beds  of 
Florida,  accumulated  through  chemical  or  biochemical  processes 
in  the  warm  shallow  seas  in  which  were  deposited  the  great  marl 
beds  of  the  formation. 

PUOCENE 

Four  formations  in  Florida,  more  or  less  well  differentiated,  are 
referred  to  the  Pliocene.  These  are  the  Nashua  and  Caloosahatchee 
shell  marls,  and  the  Bone  Valley  and  Alachua  formations.  The  two 
first  mentioned  are  marine  formations.  The  Nashua  marls  are  well 
developed  on  the  St.  Johns  River  in  Putnam  and  Volusia  counties. 
The  Caloosahatchee  marls  find  their  typical  development  on  the 
Caloosahatchee  River.  Both  formations  contain  an  abundant 
fauna  of  well-preserved  invertebrates.  The  Bone  Valley  formation 
which  contains  the  workable  pebble  phosphate  deposits  is  well 
developed  in  Polk  and  Hillsboro  counties.  This  formation  is 
evidently  of  shallow-water  origin  and  is  in  part  at  least  estuarine. 
It  represents  material  reaccumulated  during  Pliocene  time,  derived 
chiefly  from  the  disintegration  of  the  nearby  Miocene  deposits. 
•The  Alachua  formation  likewise  represents  a  re-working  of  materials 
derived  from  the  disintegration  chiefly  of  the  Miocene  deposits  and 
to  some  extent  also  of  the  older  formations  on  which  this  formation 
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rests.  The  Alachua  formation  contains  the  workable  deposits 
of  hard  rock  phosphate.  Both  the  Bone  Valley  and  Alachua  forma- 
tions contain  a  vertebrate  faxma  on  the  basis  of  which  the  formations 
are  referred  t6  the  Pliocene.  The  Bone  Valley  formation  rarely 
exceeds  100  feet  in  thickness  and  as  a  rule  is  less.  The  Dimnellon 
formation  likewise  is  usually  less  than  100  feet  in  thickness.  Both 
the  Nashua  and  Caloosahatchee  formations  so  far  as  known  are 
thin  and  may  not  exceed  50  or  100  feet. 

PLEISTOCENE 

The  Pleistocene  formations  of  Florida  include  river  alluvial  and 
marine  deposits.  The  marine  or  chiefly  marine  Pleistocene  deposits 
of  the  state  have  been  described  \mder  the  heading  of  Palm  Beach 
limestone,  Miami  oolitic  limestone,  Key  Largo  limestone,  Key  West 
limestone,  Lostmans  River  limestone,  and  Fort  Thompson  beds. 
The  five  first  named  are  all  of  marine  origin.  The  Fort  Thompson 
beds  include  an  alternation  of  fresh-water  and  marine  deposits.  All 
of  these  deposits  are  f o\md  in  southern  Florida  and  the  interrelation 
of  the  several  named  units  remains  to  be  determined  on  more 
detailed  stratigraphic  work  than  has  yet  been  done.  Alluvial 
Pleistocene  deposits  are  widely  distributed  over  the  state,  especially 
in  the  stream  valleys.  In  places  these  stream  deposits  contain 
vertebrate  and  invertebrate  fossils. 

GEOLOGIC  SKETCH  MAP 

The  sketch  map  (Plate  11)  shows  in  a  general  way  the  surface 
distribution  of  the  Florida  formations.  Owing  to  the  small  scale 
of  the  map  it  has  been  necessary  to  combine  the  formations.  It  is 
also  impracticable  to  show  limited  exposures,  such  for  instance  as 
the  exposures  of  the  Ocala  Eocene  on  the  Chip)ola  River  near 
Marianna,  or  of  the  Claiborne  Eocene  on  the  Choctawhatchee  River 
near  the  Georgia-Florida  state  line.  Outliers  and  remnants  of  some 
of  the  formations  are  omitted  for  the  same  reason.  Thus  over  both 
the  Eocene  and  the  Oligocene  of  peninsular  Tlorida  are  found 
remnants  of  the  Lower  Miocene,  indicating  probably  the  former 
extension  of  the  Alum  Bluff  formation  over  the  entire  state.  No 
attempt  has  been  made  to  show  the  Alachua  formation,  which  rests 
chiefly  upon  the  Eocene  of  Alachua,  Levy,  Marion,  and  Citrus 
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counties;  nor  the  Bone  Valley  formation,  which  rests  upon  the 
Miocene  of  Polk  and  Hillsboro  counties.  The  alluvial  Pleistocene 
deposits  are  likewise  omitted  from  the  map,  and  also  the  limited 
expK)sures  of  Pliocene  ( ?)  on  the  St.  Marys  River. 

STRUCTURAL  CONDITIONS   IN  THE   FLORIDIAN  PLATEAU 
THE  RELATION  OF  THE  FLORIDA  PENINSULA  TO  THE  COASTAL  PLAIN 

An  unusual  structural  feature  in  coastal  plains  geology  is  the 
great  Floridian  plateau  which,  projecting  from  the  mainland, 
separates  the  Atlantic  Ocean  from  the  Gulf  of  Mexico.  The  times 
of  origin  of  this  plateau  may  not  be  determinable,  although  it  is 
now  known  to  have  been  in  existence  and  to  have  formed  a  large 
shallow-water  area  as  early  at  least  as  the  Lower  Cretaceous  or 
Comanchean  period.  Although  affected  by  diastrophic  agencies, 
including  elevation  and  depression,  this  plateau  has  continued  as  a 
structural  feature  from  the  Comanchean  or  earlier  to  the  present 
time. 

For  some  years  the  Florida  Geological  Survey  has  been  collecting 
well  logs  and  well  cuttings  with  a  view  to  determining  so  far  as 
practicable  the  structural  conditions  underlying  peninsular  Florida. 
This  work  has  progressed  slowly,  although  some  data  have  now 
accumulated  that  have  a  very  important  bearing  on  this  problem. 
Early  in  1918  cuttings  containing  numerous  foraminifera  from  3 
deep  well  then  recently  completed  in  Sumter  County  were  sent  to 
Dr.  T.  W.  Vaughan,  of  the  United  States  Geological  Survey,  by 
whom  they  were  referred  to  Dr.  J.  A.  Cushman.  Dr.  Cushman's 
identification  of  thle  foraminifera  of  these  samples  led  to  the  very 
unexpected  result  that  they  indicated  the  presence  of  Comanchean 
(Lower  Cretaceous)  formations.  Subsequently  the  foraminifera 
were  identified  by  Dr.  Cushman  from  the  cuttings  of  about  fifteen 
wells  in  Florida.  In  addition  there  are  a  number  of  other  wells 
that  from  logs  or  samples  give  approximate  data. 

SKETCH  MAP  OF  STRUCTURAL  CONDITIONS  IN  FLORIDA 

Upon  the  basis  of  all  data  available  at  this  time  there  has  been 
constructed  a  sketch  map  (Fig.  i)  which  represents  approximately 
what  is  known  of  structural  conditions  in  the  peninsular  section  of 


Digitized  by 


Google 


Fig.  I. — Sketch  map  to  indicate  general  structural  conditions  in  Florida:  A, 
Belt  of  country  in  which  the  Eocene  formations,  when  present,  lie  above  sea-level, 
mostly  from  sea-level  to  as  much  as  about  loo  feet  above;  B,  Eocene  formations  below 
sea-level;  for  the  most  part  between  o  and  200  feet  below.  Doubtful  territory  for 
both  belts  A  and  B  is  indicated  by  a  question  mark;  C,  Eocene  formations  probably 
more  than  200  feet  below  sea-level,  varying  from  200  feet  to  a  maximum,  so  far  as 
known,  of  about  1,000  feet  in  the  southern  part  of  the  peninsula.  Figures  entered  on 
the  map  record  the  approximate  depth  to  the  top  surface  of  the  Eocene,  usually  the 
Ocala  formation.  The  margins  of  the  Floridian  land  mass  are  approximately  coin- 
^ent  with  the  loo-fathom  contour,  the  location  of  which  is  indicated  on  the  map. 

axis  of  the  land  mass  is  approximately  indicated  by  the  line  o-a'. 
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Florida.  On  this  map  there  is  indicated  an  area  in  the  west  central 
part  of  the  peninsula,  marked  "A,"  in  which. the  top  of  the  Eocene 
limestones,  when  present,  lies  at  or  above  sea-level.  -  The  data  for 
placing  the  eastern  margin  of  this  area  are  very  limited,  and  the 
boundaries  are  necessarily  very  roughly  approximated.  In  the  lake 
region  of  Clay  Coimty  in  particular  it  is  possible  that  the  Eocene 
may  lie  closer  to  the  surface  than  is  here  indicated. 

A  second  area, "  B, ''  is  marked  off  on  the  map,  in  which  generally 
speaking  the  top  of  the  Eocene  limestones  appears  to  lie  below  sea- 
level,  but  at  no  place  in  excess  of  200  feet  below  sea.  These  two 
areas,  it  wDl  be  noted,  together  make  up  a  broad  belt  extending 
across  and  occupying  all  of  the  north  central  part  of  the  peninsula 
from  the  Gulf  to  the  Atlantic  coasts.  The  data  on  which  this  belt 
is  mapped  is  derived  in  part  from  surface  exposures  and  in  part  from 
well  records.  The  upper  course  of  the'Suwannee  River  in  Florida 
is  known  to  lie  in  a  structurally  low  area,  since  in  following  the 
course  of  this  stream  it  passes  toward  the  Gulf  to  successively  older 
formations.  Since  in  Hamilton  Coimty  the  Alum  Bluff  Miocene  is 
exposed  at  elevations  not  exceeding  75  feet  above  sea  it  is  surmised 
that  the  Eocene  will  be  found  in  this  general  area  to  lie  below  sea- 
level.  From  numerous  wells  drilled  at  Jacksonville  it  is  known 
that  the  Eocene  limestones  there  lie  about  500  feet  below  sea-level. 
On  the  other  hand,  at  Riverdale,  on  the  St.  Johns  River  about  35 
miles  south  of  Jacksonville,  Eocene  limestones  are  reached,  as  indi- 
cated by  well  cuttings,  at  about  211  feet  below  sea-level;  while  at 
St.  Augustine  the  Ocala  Eocene,  on  the  authority  of  Dr.  W.  H.  Dall, 
is  placed  at  a  depth  of  224  feet  from  the  surface  or  about  214  feet 
below  sea-level. 

In  the  well  of  Mr.  Oliver  Gibbs  at  Melbourne  Beach,  Eocene 
fossils  were  detected  which,  from  the  log  of  the  well,  appear  to  have 
come  from  the  depth  of  221  feet,  the  total  depth  of  the  well  being 
318  feet.  At  intermediate  points  between  Melbourne  and  St. 
Augustine,  on  and  near  the  coast  the  Eocene  limestones  lie,  so  far  as 
determined,  at  depths  between  100  or  somewhat  less  and  200  feet 
below  sea-level.  This  is  true  of  wells  at  Cocoa,  where  Eocene 
fossils  have  been  taken  from  a  well  the  total  depth  of  which  does  not 
exceed  190  feet;  at  New  Smyrna,  where  the  Eocene  appears  from 
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well  samples  to  h^ve  been  reached  at  a  depth  of  105  feet  from  the 
surface;  at  Dajrtona,.  where  from  well  logs  it  would  seem  that  the 
Eocene  is  somewhat  shallower  than  at  New  Smjnua,  lying 
apparently  at  less  than  100  feet  from  the  surface.  The  depth  to  the 
Eocene  has  been  determined  approximately  at  a  few  inland  towns 
in  this  area.  At  Sanford,  fossils  of  the  Ocala  formation  have  been 
identified  by  Cushmail  at  a  depth  of  113  feet.  The  surface  level 
at  the  old  railway  depot  at  Sanford  is  given  as  20  feet  above  sea. 
The  surface  level  at  the  well  is  not  known  buL  probably  does  not 
differ  greatly  from  the  level  at  the  depot.  The  top  surface  of  the 
Eocene  therefore  is  probably  somewhat  less  than  100  feet  below 
sea-level.  At  Orange  Mills  the  limestones,  probably  Eocene,  have 
been  reported  at  a  depth  of  130  feet,  the  surface  elevation  at  this 
place  being  about  15  feet  above  sea-level.  A  slightly  increased 
depth  to  these  limestones  iS  suggested  by  well  records  at  Hastings. 

In  the  well  of  the  Palmetto  Phosphate  Company  in  Polk  County 
the  top  of  the  Ocala  is  placed  by  Cushman  at  360  feet.  The  surface 
elevation  at  Fort  Meade  is  130  feet  above  sea.  Hence  the  actual 
level  of  the  top  surface  of  the  Ocala  formation  is  probably  somewhat 
more  than  200  feet  below  sea-level. 

That  part  of  the  peninsula  in  which  the  Eocene  formations  so  far 
as  known  lie  at  a  depth  of  more  than  200  feet  below  sea-level 
includes  a  small  area  in  the  northeastern  part  of  the  state  and  the 
whole  of  extreme  southern  Florida  as  well  as  a  coastal  belt  west  of 
the  Apalachicola  River.  The  depth  at  which  the  Eocene  is  known 
more  or  less  definitely  is  indicated  at  several  localities  within  this 
large  area  although  the  data  is  as  yet  very  limited.  There  is  in 
particular  complete  lack  of  information,  as  indicated  by  the  use  of 
the  question  mark  on  the  map,  in  the  southern  part  of  the  lake 
region,  where  the  older  formations  may  be  expected  to  lie  rather 
close  to  the  surface. 

ASYMMETRY  OF  THE  FLORTOIAN  PLATEAU 

The  actual  position  and  extent  of  this  plateau,  as  has  b^n  shown 
by  Smith,  Vaughan,  and  others,^  is  strikingly  different  to  that  which 

'  Eugene  A.  Smith,  "On  the  Geology  of  Florida,"  Am,  Jour,  Set,  (3),  XXI  (1881), 
292-309;  T.  Wayland  Vaughan,  "A  Contribution  to  the  Geologic  History  of  the 
Floridian  Plateau,"  Carnegie  Institution  of  Washington,  Pub,  No.  133,  1910. 
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appears  from  the  inspection  of  an  ordinary  map  of  the  land  areas. 
The  loo-fathom  contour  may  be  taken  as  the  approximate  margin 
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Fig.  3. — ^niickness  of  fonnations  as  indicated  by  wells.  Vertical  scale,  one 
inch  equals  400  feet.  No.  z,  well  in  Wakulla  County,  eastern  part  of  West  Florida; 
No.  2,  well  of  Palmetto  Phosphate  Company,  Polk  County,  South  Central  Florida; 
No.  3,  well  of  Florida  East  Coast  Railway,  on  the  Florida  kesrs,  Monroe  County, 
South  Florida. 

of  the  plateau,  since  the  slope  to  this  line  is  for  the  most  part  gradual, 
while  beyond  this  contour  the  slope  is  steep,  and  in  places,  especially 
toward  the  south  end  of  the  peninsula,  is  abrupt.    Taking  this 
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loo-fathom  contour  as  the  margin  it  will  be  found  that  scarcely 
one-half  of  the  plateau  is  above  water,  and  that  the  greater  part  of 
that  which  is  above  water  lies  to  the  east  of  the  north-south  axis. 
With  regard  to  elevation  the  plateau  is  therefore  asymmetrical,  the 
eastern  half  being  higher,  mostly  above  sea-level,  than  the  western 
half,  which  is  almost  wholly  submerged.  This  lack  of  symmetry  is 
apparently  due  in  particular  to  a  tilting  or  warping  of  the  peninsula 
toward  the  west,  by  which  the  coast  of  west  Florida  has  been 
depressed  as  far  south  as  Hernando  County,  while  the  east  coast, 
including  all  of  the  southern  tip  of  the  peninsula,  has  been  slightly 
elevated. 
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The  case  of  the  andent  pottery-makers  of  Vero,  Florida,  seems 
really  quite  worthy  of  becoming  a  cause  cilibre.  It  has  already 
passed  through  two  stages  and  is  now  well  on  in  a  third.  The 
purpose  of  this  paper  is  to  urge  that  this  third  stage  be  closed  at 
once  by  common  consent  and  that  the  inquiry  be  pushed  on  into 
a  fourth  stage.  The  first  stage  embraced  the  discovery,  the  pre- 
liminary examinations,  and  the  presentation  of  the  case  to  the 
scientific  public;  the  second  covered  some  concerted  field  investi- 
gations by  interested  ^)ecialists  and  the  publication  of  their  results 
in  symposia;  in  the  third  stage  there  has  developed  a  tendency  to 
lapse  into  isolated  discussions  with  a  trend  toward  controversy,  as 
well  as  a  trend  toward  premature  propagandism.  What  should 
constitute  the  fourth  stage  may  best  be  considered  after  such  a 
brief  review  of  what  has  been  presented  as  shall  make  clear  the 
status  of  the  case  at  the  close  of  the  stages  already  past. 

STAGE   I.      THE   ANNOUNCEMENT  AND  PRELIMINARY  PRESENTATION 

The  discovery,  as  is  so  often  the  case,  was  made  incidentally 
in  the  progress  of  industrial  work.  The  preliminary  inquiries  were 
of  the  usual  type  and  the  mitial  announcement  was  made  to  the 
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appropriate  scientific  jury  through  the  venerable  American  Journal 
of  Science,  The  subject  was  thus  given  a  fitting  introduction  and 
a  distinctly  scientific  aspect  from  the  outset. 

The  presence  of  vertebrate  fossils  in  deposits  of  a  late  age  at 
Vero  was  learned  as  early  as  1913.  Fossil  human  remains  were 
foimd  in  association  with  these  in  191 6.  The  first  annoimcement 
by  Dr.  Elias  H.  Sellards,  state  geologist  of  Florida,  was  made  in 
July,  1916.  A  supplementary  statement  in  Science  was  made  in 
October,  1916,  and  an  official  report  in  the  Eighth  Annual  Report 
of  the  Florida  Geological  Survey.  This  stage  presents  an  excellent 
example  of  the  comp>osite  work  that  falls  to  the  lot  of  state  geologists 
and  their  ^^ociates,  in  which  it  is  often  necessary  for  a  single 
inquirer  or  a  small  group  to  pass  up>on  very  complex  phenomena 
whose  ideal  treatment  calls  for  the  co-operative  work  of  many 
specialists. 

The  case  as  developed  in  this  introductory  stage, — ^Beneath  the 
site  of  the  finds  the  basal  formation  is  a  marine  marl  (coquina) 
conunonly  referred  to  a  late  Pleistocene  age,  though  all  or  essentially 
all  its  fossils  belong  to  living  species.  It  spreads  under  the  whole 
neighborhood,  so  far  as  present  evidence  goes,  and  forms  an  excel- 
lent basal  datum  plane.  On  this  basal  formation  the  retiring  sea 
built  sand  flats  and  beach  ridges,  while  the  wind  built  dunes,  the 
whole  forming  a  low  belt  of  finishing  deposits.  These  lie  along  the 
margin  of  the  present  mainland,  while  across  a  sea  inlet  about  a 
mile  wide,  lies  a  barrier  reef  now  in  process  of  building  which  fonns 
the  outermost  coast  line  of  the  Atlantic.  Xhe  low  ridged  belt  on 
the  edge  of  the  mainland  is  known  in  the  discussion  as  Vero  Ridge. 

After  the  withdrawal  of  the  sea,  surface  wash  deposits  and  fresh- 
water marls  gathered  to  some  extent  in  the  shallow  basins  of  these 
finishing  formations.  At  the  same  time  a  small  drainage  system 
was  established  near  Vero,  now  known  as  Van  Valkenbxu-g's  Creek. 
The  main  stream  channel  was  formed  by  the  jimction  of  two 
branches  which  in  turn  were  sub-branched.  All  these  features  seem 
to  have  been  determined  mainly  by  the  ridglets,  swells,  and  hollows 
of  the  retiring  sea  deposits.  The  branchlets,  however,  reach  back 
into  a  marshy  tract  west  of  the  Vero  Ridge.  The  imited  drainage 
from  the  north  meets  that  from  the  south  nearly  head-on  and  the 
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two  imite  into  a  trunk  stream  flowing  eastward  to  the  sea  about  a 
mile  away.  The  particular  site  of  the  human  and  vertebrate 
remains  lies  near  the  junction  of  the  two  branches. 

Before  the  remains  imder  debate  could  have  been  buried  in  the 
way  in  which  they  were  foxmd,  the  creek  must  have  excavated  a 
relatively  broad  flat  with  such  low  gradients  as  to  permit  aggrada- 
tion. The  average  depth  of  the  aggraded  creek  deposits  is  about 
six  feet.  They  consist  chiefly  of  washed  sand  and  vegetal  muck 
and  other  d6bris,  with  some  fresh-water  marl.  They  are  thought 
by  Dr.  Sellards  and  most  others  to  be  divisible  into  two  layers,  a 
lower,  No.  2,  consisting  of  three  to  four  feet  of  sand  and  muck,  with 
fresh-water  marl;  while  the  upper,  No.  3,  consists  more  largely  of 
muck  and  vegetal  d6bris  with  a  less  proportion  of  sand,  layer  No.  i 
being  the  marine  marl  below.  The  upper  layer,  No.  3,  cuts  here 
and  there  into  No.  2,  sometimes  cutting  entirely  through  it  into 
the  marine  bed  below. 

In  this  first  stage  of  inquiry^  parts  of  two  human  skeletons  were 
recognized,  one  of  which  was  referred  by  Dr.  Sellards  to  the  lower 
creek  deposit.  No.  2,  and  the  other  to  the  upper  creek  deposit.  No.  3. 
It  was  urged  strongly  in  the  initial  papers  that  the  scattered  condi- 
tion of  the  bones,  as  well  as  their  other  relations,  shut  out  the  proba- 
bility, if  not  the  possibility,  of  intrusive  burial.  On  the  other 
hand,  it  was  urged  that  the  human  remains  could  not  have  been 
washed  in  from  outside  sources,  or  even  transferred  from  the  one 
layer  to  the  other  in  any  notable  degree,  because  of  the  imwom 
state  of  some  of  the  fossils  and  the  fragile  condition  of  others.  A 
considerable  number  of  the  vertebrates  foimd  in  the  lower  layer 
were  identified  as  extinct  forms;  some  of  them  had  been  usually 
referred  to  rather  early  stages  of  the  Pleistocene.  A  smaller  number 
of  extinct  vertebrates  were  foimd  in  the  base  of  the  upper  layer,  at 
about  the  same  level  as  that  of  the  human  skeleton  referred  to  that 
layer.  The  bones  of  the  extinct  vertebrates  and  of  man  were  both 
found  to  be  mineralized  in  much  the  same  degree.  With  the 
human  bones  were  found  chipped  stones,  bone  implements,  and 
fragments  of  pottery. 

On  the  basis  of  the  evidence  thus  gathered  the  lower  creek 
deposit,  No.  2,  was  referred  confidently  ot  the  Pleistocene;    the 
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upper  layer  was  regarded  also  as  probably  Pleistocene,  but  some 
reservation  was  expressed  respecting  this. 

STAGE   II.      CONCERTED  INVESTIGATION  AND  CO-ORDINATE 
PUBLICATION 

Closely  following  this  introductory  stage  Dr.  Sellards  extended 
cordial  invitations  to  various  specialists  to  inspect  the  dep>osits 
and  the  material  already  gathered  from  them,  and  to  join  in  further 
inquiry.  Two  field  conferences  followed.  The  earlier  and  larger  was 
held  in  October,  1916,  participated  in  by  Dr.  George  G,  MacCurdy, 
anthropologist  of  Yale  University,  who  gave  special  attention 
to  the  archaeological  evidence;  Dr.  AleS  Hrdlicka,  anthropolo- 
gist of  the  U.S.  National  Museum,  who  gave  special  attention 
to  the  human  bones;  Dr.  Thomas  W.  Vaughan,  geologist  in  charge 
of  the  coastal  plain  investigations  of  the  U.S.  Geological  Survey, 
who  viewed  the  matter  from  the  standpoint  of  the  regional  geologist; 
Dr.  Oliver  P.  Hay,  research  associate  of  the  Carnegie  Institution 
in  Vertebrate  Paleontology,  who  studied  in  particular  the  evidence 
of  the  vertebrate  bones;  Dr.  Rollin  T.  Chamberlin,  associate  pro- 
fessor of  dynamic  geology  at  the  University  of  Chicago,  who  gave 
special  attention  to  the  physico-dynamical  vestiges  of  the  deposits 
and  their  imp)ort;  Assistant  Geologist  Herman  Gimter,  of  the 
Florida  Geological  Survey;  Mr.  Isaac  M.  Weills  and  Mr.  Frank 
Ayers,  citizens  of  Vero,  who  had  taken  an  active  interest  in  the 
discovery  from  the  outset. 

The  results  of  this  first  conference  were  gathered  into  a  sym- 
posium in  the  January-February,  191 7,  nmnber  of  this  Journal, 
The  contributions  were  from  Dr.  Elias  H.  Sellards,  embracing  a 
report  by  Dr.  Robert  W.  Shufeldt  on  the  fossil  birds  (pp.  4-24) ; 
Dr.  Rollin  T.  Chamberlin  (pp.  25-39) ;  Dr.  Thomas  W.  Vaughan 
(pp.  40-42) ;  Dr.  Ale§  Hrdlicka,  including  a  letter  from  Professor 
William  H.  Holmes  (pp.  43-51);  Dr.  Oliver  P.  Hay  (pp.  52-55); 
and  Dr.  George  G.  MacCurdy  (pp.  56-62). 

The  second  conference  was  held  in  March,  191 7,  Dr.  Sellards 
again  serving  as  host,  participated  in  by  Professor  Edward  W. 
Berry,  paleobotanist  of  Johns  Hopkins  University,  who  gave 
especial  attention  to  the  testimony  of  the  fossil  plants;  Dr.  Rollin 
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T.  Chamberlin,  of  Chicago,  who  returned  for  a  more  critical  exami- 
nation of  certain  features  than  was  possible  on  the  former  visit; 
Assistant  Geologist  Herman  Gimter,  Mr.  Isaac  M.  Weills,  and  Mr. 
Frank  Ayers. 

The  results  of  the  second  field  conference  appeared  in  the 
October-November  number  of  the  same  volume  of  this  Journal. 
The  contributions  to  this  were  from  Dr.  Elias  H.  Sellards  (pp.  659- 
60),  Dr.  Edward  W.  Berry  (pp.  661-66),  and  Dr.  Rollin  T.  Cham- 
berlin (pp.  667-83.) 

The  development  of  the  case  in  connection  with  the  two  field  con- 
ferences and  the  symposia. — It  is  aside  from  the  purpose  of  this 
discussion  to  review  these  papers  as  personal  contributions;  we 
merely  wish  to  trace  the  evolution  of  the  case  by  contributions 
which  represent  different  pK)ints  of  view  and  different  methods  of 
inquiry.  We  shall  therefore  merely  try  to  bring  out  the  most 
vital  features  of  these  papers  as  an  additional  r£sum6  of  the  official 
composite  work  and  as  contributions  from  the  standpoints  of 
physico-dynamic  inquiry,  of  vertebrate  paleontology,  of  human 
osteology,  of  the  human  artifacts  and  industries,  of  fossil  plants, 
and  of  other  sources  of  evidence. 

Preliminary  to  such  outline,  it  may  be  helpful  to  remark  that  the 
Pleistocene  age  of  the  ancient  men  of  Vero  was  pressed  to  the  front 
as  the  specially  vital  question  of  the  case  at  the  outset.  This 
specific  question  gave  trend  to  the  inquiry  and  to  the  contributions 
we  are  to  sketch.  Now,  a  dominating  question  of  this  kind  inevi- 
tably forces  the  discussion  to  center,  consciously  or  unconsciously, 
on  the  nominal  or  the  conventional  aspects  of  the  case  implied  by 
the  technical  term  Pleistocene,  rather  than  on  the  strict  realities 
involved  in  the  case.  The  crux  of  the  problem  is  thus  made  to 
hang  more  or  less  largely  on  technical  terms.  These  in  turn 
dep>end  on  the  criteria  that  are  accepted  as  guides  in  fixing  the  use 
of  these  terms.  This  grows  naturally  out  of  the  history  of  attempts 
to  show  that  man  existed  in  America  at  certain  early  stages. 

Three  things  are  to  be  kept  in  mind  in  interpreting  a  discussion 
dominated  by  such  a  foremost  feature:  (i)  the  term  Pleistocene 
is  not  used  in  precisely  the  same  sense  by  all  writers,  (2)  the  criteria 
used  in  establishing  the  technical  age  are  subject  to  challenge,  and 
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(3)  there  are  more  vital  questions  than  the  simple  Pleistocene  or 
non-Pleistocene  age  of  man  in  America. 

Distinct  foreshadowing  of  these  points  appeared  in  the  confer- 
ences and  symposia.  The  most  significant  of  these  was  a  rather 
distinct  challenge  of  the  trustworthiness  of  some  of  the  criteria 
in  so  far  as  applicable  to  the  case  in  hand,  though  heretofore  re- 
garded as  good;  modifications  of  the  accepted  criteria  in  certain 
vital  aspects  were  suggested.  This  of  course  really  means  that 
they  are  not  criteria  at  all,  as  used,  and  will  become  such  only 
when  properly  revised.  The  stress  of  skepticism  was  thereby  put 
on  the  criteria;  and  so  the  trustworthiness  of  these  comes  to  the 
front  as  really  the  most  vital  feature  of  the  case. 

Now  the  criteria  originally  used  in  determining  the  divisions 
named  Eocene,  Miocene,  Pliocene,  Pleistocene,  and  Recent  were 
made  to  rest  on  the  numerical  proportions  of  living  species  repre- 
sented in  the  respective  formations,  viz. :  in  the  Eocene,  less  than 
5  per  cent  living  species;  in  the  Miocene,  20  to  40  per  cent;  in 
the  Pliocene,  more  than  half  living  species;  and  in  the  Pleistocene, 
about  95  per  cent.'  The  species  counted  were  chiefly,  though  not 
exclusively,  marine.  As  the  rates  of  change  of  marine  forms  differ 
from  those  of  land  forms  and  those  of  the  land  forms  differ 
among  themselves,  this  numerical  basis  was  foimd  unsatisfactory 
from  the  outset.  As  the  real  needs  of  the  case  developed,  these 
original  criteria  were  abandoned  more  or  less  completely  and  are 
now  used  only  in  a  residual  way  in  certain  modified  forms  and  in 
certain  special  situations.  So  far  as  the  Pleistocene  is  concerned, 
the  numerical  paleontological  criteria  have  been  replaced  to  a 
large  extent  by  physico-dynamic  criteria  drawn  from  the  great 
ice  invasions.  This  replacement  constitutes  a  radical  and  signifi- 
cant departure.  It  is  a  part  of  the  general  movement  to  make 
the  causal  and  world-wide  agencies  the  basis  of  classification  rather 
than  their  products,  which  vary  with  regional  conditions. 

For  the  close  of  the  Pleistocene,  in  particular,  the  retreat  of 
the  continental  glaciers  from  the  plains  of  Europe  and  North 
America  and  the  accompanying  climatic  effects  are  now  the  more 
generally  accepted  criteria.    The  substages  of  the  Pleistocene  are 

»  See  Dana's  Manual  ofGeologyy  fourth  edition  (1895),  pp.  879-880. 
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marked  oflf  naturally  by  the  successive  ice  invasions  and  retreats, 
because  these  very  profoundly  affected  all  the  life  in  the  middle 
and  northern  latitudes  of  the  Eastern  and  Western  hemispheres, 
while  indirectly  they  greatly  influenced  the  life-conditions  in  the 
more  southerly  latitudes. 

Though  these  new  physico-dynamic  criteria  do  not  afford  very 
sharp  lines  of  demarcation,  they  are  in  reality  sharper  than  the 
paleontological  criteria  they  have  replaced.  Changes  of  species 
are  slower,  and  their  interpretation  more  imcertain,  than  the 
changes  in  the  great  ice-sheets.  It  will  help  to  show  the  real 
significance  of  the  diverse  interpretations  of  the  Vero  case  if  we 
here  give  a  table  of  the  relative  dates  of  the  several  glacial  stages 
compiled  from  estimates  made  by  the  more  experienced 'students 
of  glacial  phenomena.  Of  course  these  are  by  no  means  final  figures ; 
they  are  held  subject  to  very  considerable  changes  as  additional 
data  are  gathered;  but  they  may  be  regarded  as  indicating  tenta- 
tively the  order  of  magnitude  of  the  time-distribution  of  the  glacial 
stages.  We  have  derived  from  the  compiled  estimates  what  seem 
to  us  conservative  minimum  estimates. 

ESTIMATED  TIME-STAGES  OF  THE  PLEISTOCENE  PERIOD 

Compiled  Estimate        Minimum  Estimate 

Close  of  Pleistocene,  beginning  of  Recent  25,000  yrs.  ago  20,000  yrs.  ago 

Climax  of  Late  Wisconsin  glacial  stage. .  40,000  "  "  30,000  "  " 

Climax  of  Early  Wisconsin  glacial  stage.  95,000  "  "  60,000  "  " 

Middle  of  Peorian  interglacial  stage 135,000  "  "  90,000  "  " 

Climax  of  lowan  glacial  stage 180,000  "  **  105,000  "  " 

Middle  of  Sangamon  interglacial  stage . .  260,000  ^  ^  155,000  *^  '* 

Climax  of  lUinoisan  glacial  stage 340,000  **  ^  190,000  "  ** 

Middle  of  Yarmouth  interglacial  stage . .  500,000  "  "  275,000  "  " 

Climax  of  Kansan  glacial  stage 660,000  *^  **  330,000  *^  *^ 

Middle  of  Aftonian  interglacial  stage —  900,000  "  **  450,000  **  ^ 

Climax  of  Jerseyan  glacial  stage 1,200,000  "  **  540,000  **  " 

Maximum  estimates  should  probably  be  double  the  compiled 
estimates  in  the  later  stages  and  more  than  double  in  the  earlier 
stages. 

Now,  if  we  take  the  extreme  ages  to  which  the  fossils  at  Vero 
have  been  referred  by  different  members  of  the  conferences,  the 
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total  range,  using  the  minimum  estimates  of  our  table,  is  over  four 
thousand  centuries,  and  yet  the  deposits  embrace  a  thickness  of 
only  six  feet,  the  lowest  layer  of  which  was  not  deposited  imtil  some 
time  after  the  last  retreat  of  the  sea  from  the  mainland.  This 
serves  to  indicate  the  stress  the  case  has  put  on  accepted  criteria. 
With  this  aspect  of  the  case  in  mind,  let  us  note  the  essence  of  the 
several  contributions  to  the  symposia. 

Further  amiributions  from  the  viewpoint  of  the  state  geologist, — 
The  two  further  contributions  of  Dr.  Elias  H.  Sellards  have  the 
same  import  as  his  earlier  papers  already  sketched.  He,  however, 
adds  certain  more  declared  statements  that  bear  strongly  on  intru- 
sive burial,  on  transfer  by  water  and  other  natural  agencies,  and 
on  original  burial  where  now  found.^  Among  these  are  the  absence 
of  whole  skeletons,  the  infrequency  of  even  complete  individual 
bones,  the  scattered  and  imperfectly  preserved  state  of  the  bones, 
their  frequent  and  often  sharply  broken  condition,  together  with 
evidence  that  *'in  the  case  both  of  the  human  and  of  the  other 
vertebrates  the  bones  were  more  or  less  disturbed  after  they  had 
lost  enough  of  their  organic  matter  to  become  sufficiently  brittle 
to  break  as  they  were  moved  about  by  water  before  reaching  their 
final  resting  place."'  "In  the  number  of  bones  that  have  been 
obtained  representing  a  single  individual  there  is  observed  no 
important  difference  between  the  human  and  the  other  animals."* 

The  contribution  from  the  physico-dynamic  inquiry, — ^At  the 
first  conference  an  attempt  was  made  by  Dr.  RoUin  T.  Chamberlin^ 
to  discriminate  as  closely  as  practicable  what  had  been  done  at  the 
successive  formative  stages,  whether  constructive  or  destructive, 
so  as  to  give  an  analytical  basis  for  the  treatment  of  the  special 
question  imder  debate  and  for  reconciling,  so  far  as  might  be,  the 
seemingly  incompatible  import  of  different  criteria  as  then  inter- 
preted. The  several  episodes  distinguishes  were  as  follows:  the 
already  well-recognized  coquina  marl,  the  datum  base  (Sellards* 
No.  i);  the  sand-capping  over  this  and  the  formation  of  beach 
ridges  and  dunes;  the  gathering  of  fresh- water  marl  deposits, 
containing  vertebrate  remains,  in  the  hollows  of  this  low  ridged 

"  Symposium  i,  Jour,  GeoL^  XXV  (January-February,  191 7),  i,  22. 
*  Ibid,,  p.  23.  i  Ibid.,  pp.  25-39. 
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tract;  the  formation  back  of  the  ridge — ^more  or  less  contemporane- 
ously with  this — of  a  more  extensive  flat  area  with  boggy  tendencies, 
the  most  significant  feature  of  which  is  an  indurated  black  sand, 
from  which  pebbles  ranging  up  to  "  cannon  balls  "  were  later  derived 
and  borne  into  the  lower  and  upper  fossil-bearing  layers  (Sellards' 
No.  2  and  No.  3);  the  development  of  the  drainage  system  of 
Van  Valkenburg's  Creek,  partly  in  the  one  and  partly  in  the  other 
of  these  two  upland  formations;  the  excavation  of  the  creek 
trench  to  a  breadth  and  gradient  suitable  for  the  beginning  of 
aggradation;  the  first  stage  of  aggradation  (Sellards'  layer  No.  2); 
and  the  second  stage  of  aggradation  (Sellards'  No.  3). 

On  the  basis  of  this  analysis,  a  hypothesis  was  proposed  which 
seemed  to  reconcile  some  of  the  apparently  conflicting  imports  of 
the  fossils  in  the  lower  and  upper  parts  of  the  creek  deposits.  It 
postulated  that  the  oldest  extinct  manunals  came  into  the  region 
as  soon  as  it  emerged  from  the  sea,  and  were  buried  in  the  hollows 
and  flats  of  the  ridged  tract,  and  more  especially  in  the  poorly 
drained,  flattish  area  lying  west  of  the  Vero  Ridge,  whence  at  some 
time  notably  later  they  were  carried  into  the  creek  deposits  much  as 
the  black  pebbles  from  the  indurated  sandstone  of  the  same  area 
were  foimd  to  have  been. 

No  time  was  available  during  the  first  conference  after  this 
hypothesis  was  formulated  for  testing  it,  and  it  was  offered  in  this 
state  in  the  first  symposium  as  a  hypothesis  of  reconciliation,  and  the 
earliest  opportunity  sought  to  put  the  hypothesis  to  the  test.  On 
his  second  visit,  Dr.  Chamberlin  found  the  bog  deposits  back  of 
the  ridge  essentially  barren  of  fossils,  suggesting  conditions  either 
inhospitable  to  life  or  unfavorable  for  its  preservation.  In  his 
contribution  to  the  second  symposium  the  part  of  the  hypothesis 
relating  to  the  bog  deposits  was  therefore  frankly  laid  on  the 
shelf;  nor  was  the  alternative  phase  which  made  the  upland  marl 
beds  of  other  parts  of  the  tract  the  source  of  the  older  fossils  of  the 
creek  deposits  further  urged,,  because  fossil-bearing  deposits  of  this 
kind  were  not  found  in  available  situations,  though  they  occur 
elsewhere.  The  part  played  by  this  stage  between  the  retreat  of 
the  sea  and  the  aggradation  on  the  bottoms  of  Van  Valkenburg's 
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Creek  must  of  course  yet  be  worked  out  and  put  in  its  place  in  the 
history  of  the  formations  at  Vero. 

On  the  shelving  for  the  time  being  of  this  hypothesis  of  recon- 
ciliation an  endeavor  was  made  to  detect  such  physical  possibilities 
for  faimal  deployment  as  might  be  implied  by  the  creek  deposits 
themselves,  thin  as  they  are.  The  inquiry  brought  out  the  fact 
that  the  exposed  sections  of  the  creek  filling  showed  distinctly 
more  reworking  in  some  portions  than  in  others,  together  with  the 
suggestive  fact  that  where  the  layers  were  least  irregular  a  fair 
line  of  distinction  could  be  drawn  between  an  upper  and  a  lower 
portion,  but  that  where  there  was  most  evidence  of  scour-and-fill 
the  line  of  distinction  between  upper  and  lower  layers  was  more 
obscure  and  at  points  quite  .imcertain.  Discussion  of  the  precise 
line  of  division  between  the  layers,  among  the  investigators  while 
on  the  ground,  brought  out  notable  differences  of  opinion,  and 
furthermore  opinions  were  more  or  less  changed  as  the  inquiry  went 
on.  As  the  result  of  such  changes  of  opinion,  the  dividing  line 
was  more  often  shifted  downward  than  upward.*  The  effects  of 
scour-and-fill  in  the  more  disturbed  portions  of  the  deposit  were 
found  very  notable,  and  they  were  more  pronounced  in  and  near 
the  critical  horizon  between  the  upper  and  lower  deposits  than  at 
other  levels.  Scoiur  holes  were  traced  well  down  into  the  horizon 
assigned  to  the  lower  layer  (No.  2),  and  even  entirely  through 
it  into  the  marine  marl  below.  It  was  observed  that  coquina 
shells  had  been  carried  up  across  the  whole  horizon  of  the  lower 
layer  and  redeposited  in  the  horizon  of  the  upper  layer.  A  care- 
ful excavation  of  a  scour  hole  led  to  the  successive  placing  of 
the  dividing  line  between  the  layers  at  lower  and  lower  levels,  as 
the  work  went  on,  and  in  the  end  to  the  disclosure  at  the  bottom 
of  the  hole  of  the  carapaces  of  two  turtles,  apparently  put  there 
by  the  swirling  water-hole  action. 

It  was  further  observed  that  the  portions  of  the  creek  deposits 

most  marked  by  ^scour-and-fill  action,  were  the  portions  richest  in 

human  and  extinct  vertebrate  remains,  suggesting  some  causal 

connection  between  the  scour-and-fill  action  and  the  acciunulation 

of  the  relics. 

» For  details  and  illustrations  see  Symposium  2,  Jour,  Geol,,  XXV  (October- 
November,  1 91 7),  673-82. 
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It  appeared  further  that,  while  some  of  the  relics  were  very 
fragile  and  coidd  only  be  supposed  to  have  been  moved  by  very 
gentle  processes — if  moved  at  all  after  they  reached  their  present 
condition — ^most  of  such  fragile  material  belonged  to  the  lower  layer 
or  to  the  more  imdisturbed  portions  of  the  upper  layer,  and  so  a 
correlation  between  the  condition  of  the  layers  and  the  condition  of 
their  content  was  suggested. 

The  question  of  possible  transference  was  further  affected  by 
finding  relics  of  the  same  species  as  those  to  which  the  fragile  speci- 
mens belonged  in  a  condition  that  coidd  easily  stand  transporta- 
tion. There  remained,  however,  in  some  parts  of  the  deposit 
sufficient  fragile  material  to  indicate  that  it  had  not  imdergone  more 
than  the  most  gentle  handling  since  the  fragile  state  was  acquired. 
Such  cases,  however,  were  largely  in  the  lower  layer  and  in  the  less 
irregular  parts  of  the  upper  layer. 

On  the  whole,  this  closer  inspection  of  the  deposits  and  their 
fossil  content  seemed  to  strengthen  the  presumption  that  some  of 
the  relics  of  the  extinct  animals  were  deposited  in  the  lower  layer 
when  that  layer  was  taking  on  the  form  it  now  bears  and  that  these 
relics  were  not  introduced  by  any  subsequent  process. 

The  import  of  these  observations  had  the  effect  of  throwing 
the  stress  of  interpretation  on  the  dividing  tract  between  the  two 
layers  and  on  the  upper  layer.  The  termination  of  depK)sition  of 
the  upper  part  was  definitely  fixed  at  the  year  1913,  when  the 
digging  of  the  canal  stopped  the  normal  work  of  the  creek.  It 
appeared  that  such  bones  of  extinct  vertebrates  as  were  found  in 
this  upper  layer  were  much  scattered;  that  their  number  was 
small  relative  to  the  whole  number  in  the  original  skeletons, 
being  commonly  a  few  teeth,  or  a  lower  jaw,  or  one  or  two  other 
bones,  which  did  not  seem  to  exclude  some  reworking  but  rather 
to  imply  it.' 

In  the  light  of  this  inquiry  along  physico-dynamic  lines,  the 
balance  of  evidence,  taken  all  together,  seemed  to  Dr.  Chamb^lin 
to  favor  the  reference  of  such  portions  of  the  creek  deposits  as 
bear  human  relics  to  the  later  stage  of  filling,  since  all  observers 

■  For  specific  details  on  these  critical  points  see  Symposium  2,  Jour.  GeoL,  XXV 
(October-November,  191 7),  676-82. 
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were  agreed  that  the  upper  fill  actually  penetrates  deep  into  the 
lower  fill  at  several  points,  while  the  more  critical  examinations 
aided  by  excavations  increased  the  evidence  of  such  penetration. 

Such  seeming  to  be  the  import  of  the  physical  evidence,  the 
testimony  of  the  human  bones  and  of  the  relics  of  human  indus- 
tries interpreted  on  their  own  groimds  seemed  to  furnish  the  most 
available  and  precise  criteria  of  the  paleontological  order  that  was 
available,  and  among  the  human  relics  the  pottery  seemed  to 
give  the  most  specific  evidence.  And  so,  adding  the  anthropo- 
logic and  archaeologic  testimony  to  the  phs^sico-dynamic  evidence, 
Dr.  Chamberlin  concluded  that  the  time  of  deposition  of  the 
upper  layer  belonged  within  the  Recent  Period,  perhaps  not  dating 
back  beyond  the  mid-Recent  stage. 

The  coniribulion  from  vertebrate  paleontology. — Dr.  Oliver  P. 
Hay  identified  the  vertebrate  fauna  found  in  the  lower  part  of 
the  creek  deposits  at  Vero  as 

essentially  that  which  is  found  in  the  Aftonian  interglacial  beds  of  Iowa  and  in 
the  Equus  beds  of  the  Plains.  From  the  latter,  this  fauna  may  be  followed 
into  Texas,  thence  eastward  into  Florida  and  South  Carolina.  Of  this  fauna, 
two  species  of  elephants,  the  common  mastodon,  MegalonyXj  and  the  giant 
beaver  continued  on  until  after  the  Wisconsin  glacial  stage.  Other  species, 
the  saber-toothed  tigers,  Equus  complicatus,  the  tapirs,  most  of  the  extinct 
bisons,  and  Mylodon  probably  disappeared  before  the  Wisconsin  glacial  stage. 
In  the  earlier  Pleistocene  deposits  only  are  found  Elephas  imperator,  camels, 
several  species  of  horses,  and  many  edentates.  At  Vero  have  been  found  three 
species  of  horses,  at  least  four  edentates  (including  Mylodon),  and  a  cameL 
Chlamytherium  was  originally  found  on  Peace  Creek  in  deposits  which  were 
then  supposed  to  be  Pliocene.  In  the  same  deposits  was  found  a  jaw  contain* 
ing  a  tooth  of  an  elephant  which  is  quite  likely  E.  imperator.  This  species 
has  not  yet  been  found  in  No.  2  at  Vero,  but  about  three  miles  west  of  the 
place  Sellards  found  a  lower  jaw  which  belongs  probably  to  this  species.  It  is 
known  from  Dallas  County,  Alabama,  and  from  Charleston,  South  Carolina. 
[Dr.  Hay  regards  it  and  camel  remains  as  particularly  indicative  of  the  Aftonian 
fauna.]  It  is  possible  that  this  fauna  continued  on  for  another  stage  or  two 
without  great  change,  but  by  the  time  of  the  Illinoisian  drift  it  had  become 
essentially  modified.' 

Dr.  Hay  regarded  the  vertebrate  fauna  of  deposit  No.  2  as 
primary,  thus  making  the  deposition  of  the  beds  as  now  seen  also 
Pleistocene  in  age. 

'  Symposium  i,  Jmir.  Ged.,  XXV  (191 7),  54-55. 
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No  place  was  discovered  from  which  the  included  bones  and  teeth  might 
have  been  washed  in,  nor  do  they  in  general  have  the  appearance  of  transported 
fossils.  These  bony  remains  are  in  what  may  be  regarded  as  a  normal  condi- 
tion; as  when,  in  a  little  valley  furnishing  food  and  drink  and  shade,  herbivo- 
rous and  carnivorous  species  had  resorted  and  perished  there  for  thousands  of 
years.  In  a  normal  way  their  bones  have  almost  all  fallen  into  dust.  Some, 
buried  under  somewhat  favorable  conditions,  endured  longer,  but  softened 
and  were  trampled  into  fragments  by  succeeding  generations  of  elephants, 
mastodons,  horses,  bisons,  huge  ground  sloths,  and  smaller  forms.  Only  the 
most  favored  and  protected  bones  and  teeth  have  endured  to  the  present, 
mostly  scattered,  but  sometimes  remaining  associated  with  others  of  the 
same  skeleton.' 

Dr.  Hay  regarded  the  lower  part,  at  least,  of  No.  3  as  also  Pleis- 
tocene. 

This  deposit  is  somewhat  more  difficidt  to  work  for  fossils,  but  it  has 
furnished  almost  all  the  forms  that  are  found  in  No.  2.  It  is  not  improbable 
that  some  bones  and  teeth  were  redeposited  from  the  lower  stratiun,  but 
not,  I  think,  any  considerable  or  essential  portion  of  them.' 

In  the  Ninth  Annual  Report  of  the  Florida  Geological  Survey ^^ 
Dr.  Hay  treats  more  fully  the  vertebrate  remains  from  the  beds  in 
question,  mostly  those  of  the  upper  layer,  and  reaffirms  his  belief 
not  only  that  the  fossils  represent  an  early  or  middle  Pleistocene 
faima,  but  that  the  deposits  in  which  they  are  now  embedded  are 
early  and  middle  Pleistocene  in  age  also.^ 

Dr.  Robert  W.  Shufeldt  described  the  fossil  bird  bones  but  does 
not  discuss  their  bearing  on  the  age  of  the  deposits  further  than 
to  indicate  that  some  of  the  species  are  extinct.^ 

Contribution  from  the  standpoint  of  paleobotany. — In  his  report 
on  the  fossil  plants.  Dr.  Edward  W.  Berry  says  that  "plant 
remains  in  the  form  of  laminae  of  impure  peat  or  scattered  fruits, 
chiefly  acorns,  are  present  from  the  bottom  to  the  top  of  the 
deposits  overlying  the  shell  marl  which  forms  the  base  of  the  sec- 
tion.   The  lower  sands  (designated  No.  2  by  Sellards)  have  3delded 

'Symposium  i,  Jour.  Gad.,  XXV  (1917),  52. 

'Ibid.  4  Pp.  43-^8. 

< NifUk  Annual  Re^.,  Florida  Geol.  Survey,  p^Cy. 

s  Symposium  i.  Jour.  Geol.,  XXV  (1917),  18-19;  Ninth  Annual  Rept.,  Florida 
Gtd.  Suncy,  191 7,  pp.  35-42. 
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no  leaves  and  but  few  acorns,  but  the  upper  bed  (designated  No. 
3  by  Sellards)  contains  many  leaf  layers  alternating  with  sand 
laminae."' 

Recent  and  extinct  mammalian  and  other  bones  ocair  in  both  layers,  and 
himian  remains  are  also  found  in  both  beds.  After  a  thorough  study  of  the 
local  sections  and  the  paleontologic  evidence  I  am  convinced  that  there  is  no 
hiatus  between  beds  Nos.  2  and  3  and  that  there  is  no  great  difference  in  age 
from  the  bottom  to  the  top  of  the  section,  although  it  records  changing  physical 
conditions  and  necessarily  becomes  gradually  more  and  more  recent  as  the 
top  of  the  section  is  approached.  The  lower  sand  marks  the  recession  of  the 
sea  in  which  the  underlying  shell  marl  was  formed.  The  upper  beds  (No.  3) 
mark  successive  seasonal  layers  of  valley  filling  in  the  narrow  valley  of  a  small 
stream.  This  stream  was  apparently  always  small,  and  the  marvelous  abund- 
ance of  fossils  at  this  one  point  seems  to  be  due  to  a  bar  or  sink-hole  or  similar 
cache  formed  ynear  the  junction  of  the  two  lateral  branches  which  united  near 
this  point  to  form  the  main  stream.  The  determinable  plants  are  represented 
almost  exclusively  by  fruits  or  seeds,  as  the  leaves,  with  the  exception  of  the 
coriaceous  oaks,  which  are  abundant,  were  too  thoroughly  decayed  before  they 
were  buried  to  retain  their  identity.* 

After  a  summary  grouping  and  discussion  of  species,  Dr. 
Berry  concludes: 

In  my  judgment  and  in  the  ordinary  acceptance  of  that  term  this  flora  is 
unquestionably  of  late  Pleistocene  age. 

Regarding  its  bearing  on  the  interesting  problem  of  the  age  of  the  human 
and  associated  mammalian  and  other  remains  at  Vero,  my  study  of  the  locality 
furnishes  the  following  somewhat  categorical  conclusions.  The  underlying 
shell  marl  which  forms  a  definite  and  imdisputed  datiun  plane,  is  late  Pleisto- 
cene in  age.    Its  species  all  exist  in  near-by  waters  at  the  present  time 

It  follows  that  the  vertebrate  remains  which  are  so  numerous  at  Vero  cannot 
possibly  be  of  Middle  or  Early  Pleistocene  age  imless  they  are  regarded  as  hav- 
ing been  reworked  from  older  deposits,  and  I  cannot  conceive  that  this  was 
possible,  nor  do  the  vertebrate  paleontologists  who  have  examined  the  deposits 

consider  that  such  was  the  case Nothing  is  more  reasonable  than  to 

suppose  that  the  larger  elements  in  the  Middle  Pleistocene  fauna  of  more 
northern  areas  should  have  lingered  for  thousands  of  years  in  this  more  genial 
southern  clime  until  the  presence  of  man  in  considerable  munbers  and  the 
changing  climate,  as  is  attested  by  the  fossil  plants,  should  have  brought  about 
the  extinction  of  a  large  percentage  of  the  fauna.  The  fauna  itself  confirms 
the  rather  limited  data  furnished  by  the  fossil  flora  of  this  change  in  climate, 

'  Symposium  2,  Jour.  Ged.,  XXV  (October-November  191 7),  661. 
*  NifUh  Annual  RepL,  Florida  Ged,  Survey,  191 7,  pp.  19-ao. 
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since  it  indicates  a  more  mesophytic  habitat  than  exists  today  in  the  vicinity 

of  Vero I  therefore  see  no  reason  to  doubt  that  relatively  modem  men 

were  contemporaneous  with  this  partially  extinct  fauna  of  Middle  Pleistocene 
aspect  which  survived  in  Florida  to  the  late  Pleistocene.  With  regard  to  the 
exact  age  of  the  Vero  deposits  there  are,  it  seems  to  me,  but  two  alternatives, 
and  these  apply  equally  and  are  in  large  part  derived  from  a  study  of  the 
physiography  and  the  faunas  and  floras  of  the  corresponding  topographic 
forms  in  the  other  states  of  the  Coastal  Plain.  These  alternatives  are  that  they 
are  about  the  same  age  as  the  Peorian  intergladal  deposits  of  the  Mississippi 
Valley  or  are  inrniediatdy  post-Wisconsin  and  correspond  with  what  the  Scandi- 
navian geologists  have  named  Litorina  time.' 

Contribution  from  the  viewpoint  of  the  fossil  beetles, — Recently  a 
contribution  relative  to  the  fossil  beetles  has  been  made  by  H.  F. 
Wickham,  which  is  given  a  place  here.  The  following  is  the 
author's  sunmiary: 

Two  conclusions  seem  to  be  warranted  after  a  study  of  the  beetle  frag- 
ments. The  first  is  that  there  is  nothing  to  indicate  any  particular  difference 
in  climatic  conditions  in  Florida  then  and  now,  since  the  assemblage  of  genera 
is  the  same  as  one  might  expect  to  find  in  a  stream  valley  there  today.  The 
nearest  relatives  of  the  species  are  still  characteristic  members  of  the  Floridian 
fauna  and  many  of  them  are  apparently  identical.  Second,  it  seems  evident 
that  there  has  been  some  change  in  minor  characters  of  sculpture,  since  it  is 
not  possible  to  match  certain  of  the  fossils  exactly  with  modern  forms.  In 
view  of  the  fact  that  other  researches  indicate  that  insect  evolution  has  been 
extremely  slow,  so  that  many  species,  even  as  old  as  the  Tertiaries,  are  rather 
difficult  to  discriminate  from  their  modem  allies,*  no  more  marked  divergence 
would  be  anticipated.* 

Contribution  from  the  viewpoint  of  regional  geology. — Obviously 
the  formations  that  occupy  the  adjacent  coastal  region  and  reach 
back  to  the  glacial  deposits  have  a  vital  bearing  on  the  interpre- 
tation of  the  Vero  deposits,  and  so  the  problem  of  interpretation 
as  seen  from  the  standpoint  of  the  geologist  in  charge  of  the  coastal 
plain  investigations  of  the  U.S.  Geological  Survey,  Dr.  Thomas  W. 
Vaughan,  constitutes  a  contribution  on  a  distinct  basis.  The 
following  is  the  essence  of  his  conclusions:  "The  occurrence  of 
artifacts  and  human  bones  in  association  with  Pleistocene  fossils 
does  not  prove  the  Pleistocene  age  of  man,"  since  previous  investi- 
gations have  shown  that  himian  artifacts  and  bones,  by  many 

'  Ninik  Annual  Rept.^  Florida  Geol.  Survey,  191 7,  pp.  31-33. 
*  Amer,  Jour,  Science,  May,  19 19,  p.  355. 
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agencies,  natural  and  artificial,  have  been  carried  below  the  sur- 
face and  become  imbedded  in  unconsolidated  depK)sits.  "The 
only  indisputable  geologic  proof  of  the  Pleistocene  age  of  man 
must  consist  in  finding  a  continuous  imdisturbed  bed  or  layer  of 
demonstrable  Pleistocene  age  above  the  human  remains."*  In 
view  of  the  questions  that  are  still  undetermined,  he  advises 
suspension  of  judgment  for  the  present. 

ConiribtUian  from  the  testimony  of  the  human  hones, — ^Dr.  AleS 
Hrdlicka,  after  describing  critically  the  human  bones,  expresses 
the  unreserved  opinion  that  they  do  not  differ  in  any  essential 
respect  from  those  of  the  modem  Florida  Indians.^  He  argues 
in  favor  of  the  human  burial  of  the  remains,  but  this,  of  course, 
is  geological  rather  than  anthropK)logical  and  is  only  incidental 
to  his  testimony  as  an  expert  student  of  the  human  skeletons 
themselves.  He  reaches  the  conclusion  that  the  human  bones 
found  at  Vero  may  well  be  prehistoric,  and  date  from  the  early 
part  of  the  occupation  of  the  Florida  peninsula  by  the  Indians, 
but  that  no  proof  is  furnished  by  the  circumstances  of  the  find, 
or  by  the  human  bones  themselves,  which  would  relegate  the  latter 
to  an  antiquity  comparable  with  that  of  the  extinct  fossil  remains 
with  which  they  are  associated. 

Contribution  from  the  viewpoint  of  the  human  artifacts, — ^In  a 
note  inclosed  in  Dr.  Hrdlicka's  paper,  Dr.  William  H.  Holmes 
reports  on  twenty  pieces  of  pottery  collected  near  the  human 
bones,  that 

they  represent  moderately  small,  undecorated  vessels,  apparently  simple 
bowls  such  as  were  in  common  use  among  the  Indian  tribes  of  Florida.  Com- 
pared with  corresponding  plain  vessel  fragments  from  Florida  sand  noounds 
and  from  occupied  sites  generally,  no  significant  distinctions  can  be  made;  in 
material,  thickness  of  walls,  finish  of  rim,  surface  finish,  color,  state  of  preserva- 
tion, and  size  and  shape  of  vessels  represented,  all  are  identical.  There  thus 
appears  not  the  least  ground  in  the  evidence  of  the  specimens  themselves  for 
the  assumption  that  the  Vero  pottery  pertains  to  any  other  than  Columbiaa 
and  immediately  pre-Columbian  time.* 

The  more  comprehensive  contribution  from  the  archaeological 
point  of  view  was  made  by  Dr.  George  G.  MacCurdy,  who  took 

« Symposium  i,  Jour.  Geoi.,  XXV  (19 17),  41.  '  Ibid,,  p.  50. 
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part  in  the  first  conference  and  sjrmposium.  His  discussion  covers 
the  import  of  the  flint  spalls  and  implements,  the  bone  implements 
and  the  pottery.  In  the  course  of  critical  descriptions  and  obser- 
vations on  these  he  notes  that  two  of  the  spalls  are  identical  in 
material  and  might  well  have  been  chipped  from  the  same  flint 
block.  One  was  found  in  bed  No.  2  and  the  other  in  bed  No.  5, 
which  he  regards  as  significant  and  raises  the  question  whether 
both  might  not  have  come  from  the  upper  bed  through  the  agency 
of  growing  roots  or  burrowing  animals.  The  spalls  were  never 
retouched  and  were  evidently  chipped  from  the  parent  block  near 
where  they  were  found.  As  the  parent  rock  is  not  found  in  place 
nearer  than  the  Ocala  formation,  one  hundred  miles  distant,  he 
thinks  the  transportation  was  by  human  agency.  A  typical 
arrowhead  of  flint  with  barbs  and  stem  implies  the  end  sought 
in  the  chipping  and  the  state  of  the  industry. 

To  summarixe  the  archaeological  evidences  of  man's  antiquity  at  Veio, 
one  can  say  that  the  pottery,  bone  implements,  including  fishhooks,  bone- 
heads,  and  flint  arrowheads  from  stratiun  No.  3  and  from  the  surface  of  con* 
tact  between  it  and  the  stratum  below,  all  point  to  a  period  that  might  well, 
have  continued  down  to  the  close  of  the  prehistoric  period  in  Florida.  This  is 
also  true  of  the  human  skeletal  remains  from  the  third  stratum.  On  the  other 
hand,  of  the  25  mammalian  species  from  the  second  stratum  as  listed  by  Dr. 
Seilards,  ten,  including  Elepkas  columbi,  Mammut  americanum,  Equus  leidyi  ( ?) 
and  Taurus  haysii  (?),  recur  in  stratum  No.  3.  Assiuning  that  the  stratig- 
raphy is  not  misleading,  the  conclusion  is  either  that  this  particular  phase  of 
the  Neolithic  period  in  America  dates  back  farther  than  many  had  supposed, 
or  else  that  certain  fossil  manmials  continued  to  live  on  in  Florida  until  a 
comparatively  recent  date. 

The  chief  interest  centers  in  the  second  stratum.  From  it  no  undoubted 
stone  implements  have  thus  far  been  reported.  Although  probably  produced 
through  human  agency,  the  flint  spaUs  from  this  deposit  do  not  differ  from  those 
in  the  deposit  above,  in  one  case  there  being  absolute  identity  of  material. 
While  a  greater  mmiber  of  bone  objects  have  been  found  in  the  third  deposit 
than  in  the  second,  bone  points  of  the  same  type  occur  in  both ;  neither  do  these 
seem  to  differ  as  to  their  chemical  state.  Potsherds,  fairly  frequent  in  stratum 
No.  3,  have  not  yet  been  reported  from  the  stratum  below.  Of  the  himian 
skeletal  remains  there  does  not  seem  to  be  any  appreciable  differentiation 
between  those  from  the  second  and  those  from  the  third  stratimi. 

There  are  to  be  noted  then  the  absence  of  well-defined  stone  artifacts  and  of 
pottery  from  the  second  deposit ;  the  presence  of  both  in  the  third ;  the  similarity 
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of  the  flint  chips  from  the  two  deposits;  the  similarity  of  the  bone  points 
in  both  deposits ;  and  the  greater  number  and  variety  of  bone  artifacts,  includ- 
ing ornaments  in  the  third  deposit.  But  for  the  similarity  of  the  flint  chips  and 
the  bone  points,  the  cultural  evidence  is  very  much  as  one  might  have  been 
led  to  expect,  assimiing  of  course  that  the  stratigraphy  b  unmixed  and  that  all 
specimens  have  been  found  in  situ.  On  the  other  hand,  in  the  absence  of 
sf ratigraphy  as  a  guide,  of  all  the  human  and  cultural  remains  reported  from 
stratum  No.  2,  none  would  seem  out  of  place  in  stratum  No.  3. 

....  The  presence  of  plant  stems,  acorn  cups,  and  pieces  of  wood  in  the 
second  stratum,  although  by  no  means  so  abundant  as  in  the  third  stratum, 
nevertheless  give  to  it  an  aspect  of  comparative  newness.  Some  of  the  leaves 
in  the  muck  at  the  base  of  the  third  stratum  look  as  if  they  might  have  been 
buried  only  a  few  years  ago. 

From  observations  made  on  the  spot  and  from  a  study  of  specimens  sub- 
mitted, the  writer  is  of  the  opinion  that  for  the  most  part  the  human  skeletal 
remains,  flint  chips,  and  artifacts  probably  found  their  way  to  this  meeting- 
place  of  waters  through  the  same  agencies  as  did  the  various  animal  and  plant 
remains,  and  that  there  has  been  more  or  less  dove- tailing  of  the  two  deposits, 
because  of  the  peculiar  location  of  the  site  at  the  junction  of  two  streams  coming 
from  opposite  directions.  If  these  premises  be  true,  it  would  be  hazardous  to 
attribute  any  great  antiquity  to  even  the  oldest  human  and  cultural  remains 
from  Vero.  It  would  be  more  logical  to  assume  that  some  of  the  extinct  forms 
found  in  the  second  stratum  are  perhaps  derived  from  an  older  deposit;  that 
others  lived  on  in  that  southern  clime  longer  than  has  hitherto  been  supposed, 
and  that  the  presence  of  the  Indian  hunter  had  much  to  do  with  the  final 
ringing  down  of  the  curtain  on  the  drama  of  their  ultimate  extinction.' 

It  will  be  seen  from  these  summaries  that  no  consensus  of 
opinion  was  reached  or  even  approached  by  the  several  special 
students  who  attacked  the  problem  from  their  own  special  points 
of  view.  The  problem,  however,  was  opened  up  broadly  and  the 
lines  of  profitable  future  work  fairly  weU  indicated,  though  not 
specifically  stated.  The  most  radical  feature  disclosed  is  the  very 
different  degrees  of  confidence  reposed  in  different  criteria.  As  we 
have  already  remarked,  the  really  vital  question  raised  by  the  Vero 
case  is  the  value  of  the  various  criteria  that  have  been  in  use 
and  continue  to  be  used. 

Whatever  else  may  be  said,  the  outcome  offered  no  warrant 
for  the  public  propagation  of  any  decision  or  consensus,  pro  or 
con,  respecting  the  Pleistocene  age  of  the  ancient  Vero  man. 

*  Symposium  i,  Jour.  GeoL,  XXV  (191 7),  60-62. 


Digitized  by 


Google 


INVESTIGATION  VERSUS  PROPAGANDISM  323 

The  several  views  relative  to  the  age  of  the  Vero  man  may  be 
summarized  as  follows: 

From  the  viewpoint  of  the  State  Geologist — Pleistocene. 
From  the  viewpoint  of  regional  geology — opinion  withheld. 
From  the  viewpoint  of  physico-dynamic  geology — Mid-Recent. 
From  the  viewpoint  of  archaeology — Recent. 
From  the  viewpoint  of  anthropology — ^Recent. 

From  the  viewpoint  of  vertebrate  paleontology — ^Early  or  Middle  Pleisto- 
cene. 

From  the  viewpoint  of  paleobotany — ^Late  Pleistocene. 
From  the  viewpoint  of  invertebrate  paleontology —  ? 

STAGE  in.      A  TREND  TOWARD  ANTAGONISM -AND  PROPAGANDISM 

The  preceding  co-operative  stage  was  wholesome  and  fruitful 
in  a  gratifying  degree,  however  indecisive.  It  is  less  gratifying 
to  note  that  some  signs  of  a  lapse  into  polemics  have  recently 
manifested  themselves.  While  the  utmost  independence  and  the 
highest  critical  spirit  are  eminently  wholesome,  criticisms  from 
personal  points  of  view  that  take  such  a  form  as  to  place  an  oppos- 
ing view  at  a  disadvantage,  either  from  inadequacy  or  inaccuracy 
of  statement,  do  not  make  for  wholesome  progress.  They  are 
not  likely  to  be  altogether  fair — however  well  intended — either 
to  readers  or  to  those  criticized.  If  something  in  that  line  is 
regarded  as  necessary,  it  is  much  better  given  the  form  of  a  joint 
discussion,  preferably  with  exchange  of  manuscript  beforehand. 
Such  a  discussion  puts  both  sides  before  the  reader  at  the  same 
time  and  on  equal  footing.  If  it  is  felt  that  an  attack  must  be 
made,  let  it  be  arranged  that  the  defense  go  with  the  attack  in 
the  spirit  of  ancient  chivalrous  combats  and  in  the  not  less 
chivalrous  spirit  of  the  most  approved  form  of  modem  pK)lemics. 

Partly  in  association  with  more  or  less  polemical  reviews  and 
partly  independent  of  them,  there  has  appeared  also  some  tendency 
to  propagate  preferred  views  as  though  they  were  determinate 
while  yet  about  half  those  who  have  taken  part  in  the  inquiry 
dissent  from  such  views.  Unless  the  fact  of  such  dissent  is  duly 
impressed  on  the  reader,  he  is  placed  under  the  disadvantage  of 
partisan  influence,  and  if  he  is  keenly  alive  to  his  rights,  he  is  likely 
to  resent  this.    The  varied  opinions  cited  above  seem  quite  clearly 
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to  imply  that  the  time  for  propagating  the  Pleistocene  or  the 
non-Pleistocene  age  of  man  in  Florida  has  not  yet  come. 

But  let  us  pass  lightly  by  this  diversive  stage  and  consider 
whether  a  rejuvenated  effort  of  the  co-operative  order  may  not 
be  made  the  most  worthy  successor  of  the  already  fruitful  second 
stage. 

STAGE   rV.      FURTHER   EFFORTS   AT   RECONCILIATION   AND   REVISION 

What  is  the  most  laudable  line  of  future  effort  in  the  light  of 
the  disclosures  of  the  preceding  conferences  ?  Is  it  not  obviously 
a  concerted  effort  to  evaluate  the  criteria  brought  into  service, 
to  revise  them  if  foiftid  necessary,  and  to  find  in  an  analysis  of 
the  case  the  means  of  reconciliation  of  the  divergent  views?  Cer- 
tainly the  true  end  of  endeavor  is  a  concurrent  interpretation. 
To  this  end  should  not  each  advocate  stand  ready  to  reshape  his 
view  so  that  it  shall  be  reconcilable,  so  far  as  possible,  with  the 
evidences  that  seem  to  favor  some  opposing  view  ?  We  may  be 
sure  that  Dame  Nature  has  proceeded  rationally  in  the  operatiops 
at  Vero,  as  everywhere  else,  and  that  there  really  is  complete 
harmony  and  consistency  in  the  evidences  presented. 

We  beg  to  make  a  few  observations  by  way  of  suggesting  fur- 
ther studies  in  the  interest  of  such  revision  and  reconciliation,  but 
let  it  be  clearly  understood  that  these  are  but  suggestions  to  deploy 
the  case  for  additional  investigation;  they  are  not  proposed 
solutions. 

a)  Suggestions  relative  to  the  creek  deposits  themselves. — ^Present 
processes  are  fairly  clear  and  quite  demonstrable.  Recent  pro- 
cesses should  naturally  be  next  most  clear  and  most  demonstrable. 
May  it  not  be  well  then  to  change  the  order  of  inquiry  by  starting 
where  the  evidence  is  best  and  try  to  determine  first  what  amount 
of  aggradational  work  may  reasonably  be  assigned  Van  Valken- 
burg's  Creek  during  the  Recent  Period  ?  The  probable  minimum 
length  of  this,  according  to  the  tentative  scale  given  on  a  previous 
page,  is  two  himdred  centuries.  By  analyzing  its  formative  pro- 
cesses, it  should  be  possible  to  reach  some  approximate  notion 
of  the  nature  of  the  recent  work  of  Van  Valkenburg's  Creek  and 
perhaps  of  its  time-relations.    The  results  projected  backward 
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from  1913 — ^when  the  digging  of  the  canal  interrupted  the  normal 
work  of  the  creek — for  two  hundred  centuries  should  give  a  fairly 
firm  first  step  in  interpreting  the  actual  six  feet  of  creek  deposits, 
if  these  are  to  be  interpreted  as  simple  aggradational  accretions 
that  have  escaped  reworking.  If,  on  the  other  hand,  reworking 
has  seriously  influenced  the  case,  some  of  the  criteria  thus  far 
much  insisted  upon  may  be  brought  into  question. 

Such  an  inquiry  might  start  from  two  questions:  (i)  What  is 
the  normal  thickness  of  vegetal  muck  and  sand  that  might  reason- 
ably be  expected  to  accmnulate  in  such  a  situation  during  the 
Recent  Period?  (2)  What  is  the  minimum  amount  that  can 
reasonably  be  thought  to  satisfy  the  demands  of  the  case  ?  The 
first  question  looks  simply  to  the  most  rational  estimate  of  work 
done;  the  second  is  influenced  by  a  desire  to  leave  as  much  as 
possible  of  the  six  feet  of  the  actual  deposit  for  assignment  to 
earlier  stages  to  help  reconcile  the  shallow  depth  of  the  deposit 
with  the  f aunal  evidences  that  imply  a  great  lapse  of  time.  This 
finds  its  justification  in  the  fact  that  a  heavy  stress  is  put  on  inter- 
pretation somewhere,  and  it  is  in  the  line  of  reconciliation  for  each 
advocate  of  a  particular  view  to  leave  as  much  leeway  as  he  can 
consistently  for  the  accommodation  of  conflicting  views.  This  in 
the  end  may  be  found  to  be  the  only  way  to  save  his  own  criteria 
from  serious  challenge. 

To  realize  the  grave  nature  of  the  stress  which  the  case  presents 
in  only  one  of  several  particulars,  let  us  for  the  moment  suppose 
that  the  rate  of  aggradation  on  the  flood-plain  of  the  creek  is  no 
more  than  one  inch  per  century;  the  total  aggradation  of  the  flood- 
plain  in  the  two  hundred  centuries  assigned  the  Recent  Period 
would  be  more  than  twice  the  whole  six  feet  actually  shown  in  the 
creek  sections.    The  supposition  is  of  course  merely  illustrative. 

Preliminary  to  any  true  estimate  of  an  actual  deposit  of  this 
type,  it  is  necessary  to  inquire  how  a  creek  *does  its  aggrading  work 
on  a  low  gradient  plain  of  its  own  formation  when  controlled  by  a 
sea-level  near  at  hand.  Whatever  else  is  involved — and  there  is 
much  that  cannot  be  noted  here — ^two  quite  different  classes  of 
work  are  involved:  (i)  that  done  upon  the  flood-plain  which  occu- 
pies all  the  creek  bottoms  not  at  the  time  included  in  the  creek 
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channel;  (2)  that  done  in  the  more  limited  tract  of  the  stream 
channel  itself.  It  is  essential  to  note  the  normal  differences 
between  these  two  forms  of  deposit  and  their  working  relations 
to  one  another. 

(i)  The  flood-plain  deposits  are  formed  of  the  residue  of  what- 
ever grows  upon  the  flood-plain,  or  may  fall  upon  it  in  any  way,  or 
may  be  blown  upon  it  by  the  winds,  or  may  be  mired  in  it  when 
wet  and  soft,  together  with  whatever  may  be  washed  upon  it  by 
the  stream  at  the  times  of  freshet  or  flood.  When  first  spread 
upon  the  bottom,  the  dep>osits  of  freshet  and  flood  stages  are 
usually  stratified,  but  they  are  quite  sure  to  suffer  serious  disrup- 
tion by  the  growth  of  plants,  the  tread  of  animals,  and  various 
other  surface  agencies,  so  that  they  very  commonly  lose  their 
original  structure.  On  bottoms  of  low  gradient  in  a  sandy  tract 
flood-plain  deposits  are  thus  likely  to  be  a  heterogeneous  mixture 
of  vegetal  and  earthy  muck  combined  with  more  or  less  sand,  and 
to  embrace  as  incidentals  the  hard  parts  of  whatever  lives  and 
leaves  its  relics  on  the  flat  surface. 

.(2)  The  channel  deposits,  on  the  other  hand,  are  usually 
formed  mainly  of  the  normal  products  carried  by  the  stream  along 
its  bottom,  notably  sand  and  pebbles,  but  these  are  quite  sure  to 
be  more  or  less  mixed  with  derivatives  from  the  flood-plain  deposits 
that  form  the  banks  of  the  stream.  More  or  less  constantly  these 
muck  banks  are  being  undercut  and  caused  to  slide  into  the  chan- 
nel where  they  are  then  more  or  less  reworked  by  the  stream. 
Usually  the  muck  masses  are  gradually  disintegrated  and  washed 
onward  by  the  stream,  but  they  may  be  buried  bodily  in  its  sands, 
thus  carrying  into  these  sands  whatever  the  muck  masses  hapi)en 
to  contain.  This  content  is  likely  to  retain  whatever  condition 
it  happened  to  have  when  in  the  muck  bank. 

In  addition  to  these  normal  processes  the  stream,  at  appro- 
priate points  here  and  there,  is  also  engaged  in  the  work  of  scour- 
and-fill.  This  accidents  the  results  and  adds  its  special  features 
to  the  products  of  the  more  imiform  channel  work. 

Now  this  tripartite  work  is  pre-eminently  a  mixing  process; 
at  the  same  time  it  is  an  assorting  process.  Each  of  these  two 
processes  is  likely  to  be  carried  to  varying  degrees  in  the  mul- 
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titude  of  individual  cases  involved;  the  mixed  product  thus 
commonly  shows  a  wide  range  of  variation.  In  part  the  mixing 
may  be  very  gentle  and  the  hard  parts  in  the  muck  may  show 
very  slight  abrasion.  The  slide  of  the  muck  banks  into  the  bed 
of  the  creek  is  often  one  of  the  gentlest  of  moving  processes,  for 
the  muck  lubricates  and  cushions  the  sliding  mass.*  The  matter 
enveloped  in  the  muck,  however  weak  it  may  be,  is  easily  slipped 
along  in  its  cushion  without  appreciable  strain  or  abrasion.  Muck 
balls  may  even  be  formed  and  rolled  notable  distances,  carrying 
in  their  protecting  embrace  structures  of  any  degree  of  fragility 
until  burial  shall  finally  fix  them  in  the  stream  sands  or  disintegra« 
lion  shall  free  them  for  a  cleaner  burial  in  the  same  sands.  The 
typical  channel  material  in  the  stricter  sense,  that  is,  the  material 
which  has  been  rolled  along  the  stream  bed  for  considerable  dis- 
tances, perhaps  from  sources  beyond  the  aggradational  tract,  is 
normally  much  more  worn,  whether  it  be  rock  jor  bones.  The 
several  parts  of  the  creek  deposit  are  thus  likely  to  show  the 
eflFects  of  very  different  experiences.  Only  a  critical  study  of 
each  individual  relic  is  usually  sufficient  to  disclose  its  special 
history.  Normally  there  is  a  very  wide  variation  of  conditions 
ranging  from  relics  that  remain  almost  intact  to  those  which  are 
very  much  abraded. 

Now  it  is  the  normal  habit  of  a  stream  that  meanders  on  a 
plain  of  its  own  formation  to  shift  its  channel  gradually  down- 
stream by  xmdercutting  or  eroding  its  banks  preponderantly  on 
the  down-stream  side.  In  the  course  of  time  the  stream  thus 
slowly  creeps  over  its  whole  flood-plain,  and  in  so  doing  cuts  away 
and  reworks  a  large  part  of  the  flood-plain  deposit.  As  the 
meanders  thus  slowly  shear  their  way  over  new  groxmd,  new 
flood-plain  deposits  are  formed  on  the  ground  abandoned  by  them; 
thus  the  flood-plain  is  rebuilt  behind  the  shearing  meander  and 
made  ready  to  be  cut  away  again  when  the  next  meander  reaches 
it  in  its  progress  down-stream. 

Now,  as  already  noted,  this  shearing  process  is  attended  almost 
inevitably  by  the  sp>edal  supplementary  work  of  scour-and-fill 
which  bores  its  holes  below  the  common  channel-levd  at  the 
points  of  specially  forceful  or  turbulent  action.    This  is  particu- 
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larly  characteristic  of  streams  subject  to  great  variations  of 
vigor,  as  for  example  streams  in  regions  of  alternating  dry  and 
wet  seasons,  as  in  the  Vero  case,  especially  when  heavy  rains  are 
frequent  and  even  t3^hoons  are  occasional.  This  scour-and-fill 
action  is  a  special  mixing  process  superposed  on  the  more  general 
ones  already  sketched. 

Now  if,  in  the  case  in  hand,  only  a  foot  or  so  be  allowed  for 
the  flood-plain  deposits  in  process  of  growth,  and  only  a  foot  or 
so  for  the  normal  channel-work,  and  only  a  foot  or  so  below  that 
for  the  deeper  scour  holes  here  and  there,  the  vertical  range  of 
this  active  formative  and  reworking  process  is  too  great  to  be 
neglected  when  there  are  only  six  feet  of  deposits  altogether  to 
be  dealt  with.  It  must  be  kept  in  mind  that  this  working  com- 
bination, now  at  the  top,  has  in  the  process  of  forming  the  six- 
foot  deposit  gradually  worked  up  from  the  bottom,  leaving  some 
portion  of  its  base  at  successive  stages  to  help  build  up  the  lower 
part  of  the  six  feet.  This  lower  part  is  thus  an  accimiulation  of 
residues  from  the  working  combination. 

It  is  therefore  necessary  to  distinguish  between  the  working 
group  at  the  top — ^which  in  the  case  in  hand  ceased  its  formative 
process  in  1913 — ^and  the  succession  of  residual  deposits  below  it, 
these  being  merely  the  truncated  bases  of  the  formative  deposits 
which  the  successive  meander-shears  have  left  behind.  The  group 
in  process  of  formation  at  the  top  belongs  not  so  much  to  the 
Recent  Period  as  to  the  current  working  stage.  Setting  this  aside 
as  merely  the  record  of  the  work  in  progress  when  suspended, 
how  much  more  is  to  be  added  from  the  rest  of  the  six  feet  below 
to  make  up  a  reasonable  record  of  the  past  two  hundred  centuries, 
more  or  less,  which,  according  to  our  tentative  scale,  constitute 
the  Recent  Period?  Will  anything  less  than  the  two  or  three 
feet  of  the  upper  layer.  No.  3,  suffice  ?    Indeed,  is  that  enough  ? 

This  method  of  proceeding  from  the  known  to  the  unknown 
seems  eminently  soimd  and  helpful  up  to  this  point;  here  it 
encounters  difficulties  and  these  show  its  limitations.  Theoreti- 
cally, the  several  basal  accretions  left  by  the  successive  meander- 
shears  may  (i)  have  some  notable  thickness,  (2)  or  very  little 
thickness,  or  (3)  even  a  minus  thickness,  i.e.,  there  may  be  loss 
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of  previous  gains  by  the  shearing  away  of  more  than  has  been 
built  up  since  the  last  shear.  Besides  this,  the  time  between 
meander-shears  is  also  more  or  less  uncertain.  Just  what  the 
actual  amoxmt  of  accretion  was  in  each  intershear  interval,  in 
the  case  in  hand,  can  only  be  determined  by  an  inspection  of  the 
accretion  layers  themselves,  if  indeed  their  condition  permits  this. 
Even  that  may  not  suffice  for  a  positive  determination,  but  it  is 
worthy  of  trial.  Herein  lies  one  of  the  calls  for  further  investi- 
gation before  anything  purporting  to  be  a  final  conclusion  is 
put  forth. 

The  method  of  inquiry  here  suggested,  in  spite  of  its  limita- 
tions, clearly  has  these  good  points:  (i)  It  begins  with  what  is 
best  known  and  forces  a  recognition  of  the  formative  group  of 
dqx>sits  at  the  surface;  (2)  it  suggests  a  specific  kind  of  examina- 
tion of  the  beds  below  this  working  group  for  specific  data;  (3)  it 
mvites  a  very  critical  study  of  the  effects  of  transfer  from  one 
formative  deposit  to  another  under  conditions  whose  possibilities 
are  both  great  and  highly  varied;  (4)  it  is  well  suited  to  throw 
light  on  the  significant  fact  that,  while  only  a  very  small  fraction 
of  the  total  number  of  bones  belonging  to  any  individual  skeleton 
have  been  found  in  the  deposits  in  question,  implying  that  the 
great  majority  have  somehow  been  carried  away  or  otherwise 
disposed  of,  some  of  these  are  yet  not  necessarily  much  worn; 
(5)  it  is  well  suited  to  explain  why  much-worn  material  and  little- 
worn  material  occur  together;  and  (6)  it  makes  altogether  natural 
a  gradation  from  the  older  to  the  younger  content,  attended  with 
intermixture. 

If  the  normal  mode  of  formation  of  creek  deposits  were  the 
only  consideration  to  be  weighed  in  the  matter,  the  six  feet  of  the 
deposit  might  perhaps  be  so  handled  in  interpretation  as  to  plau- 
sibly represent  the  stream  aggradation  during  all  the  time  between 
the  Aftonian  interglacial  epoch  and  the  present,  though  that 
would  seem  to  be  putting  a  very  heavy  strain  on  the  probabili- 
ties; at  least  the  deposits  might  not  yield  any  demonstrative 
evidence  to  the  contrary.  So  far  as  it  goes,  therefore,  the 
method  gives  a  possible  basis  of  reconciliation  between  the  import 
of  the  fossils  in  the  basal  part  of  the  six  feet,  interpreted  as  very 


Digitized  by 


Google 


330  T.  C.  CHAMBERLIN 

old  relatively,  and  the  obvious  recency  of  the  upjjer  part.  The 
method  is  certainly  helpful  in  explaining  the  crowding  into  close 
positional  association  faunas  heretofore  regarded  as  very  different 
in  age.  To  that  extent  it  gives  relief  to  one  of  the  most  declared 
phases  of  stress  that  make  the  case  a  really  notable  one. 

The  one  feature  in  this  mode  of  analysis  and  interpretation 
that  may  not  be  acceptable  to  some  of  the  interested  students 
of  the  case  lies  in  the  fact  that  it  not  only  permits  but  postulates 
much  transfer  from  a  state  of  first  burial  in  the  flood-plain  muck 
to  a  state  of  later  burial  in  the  channel  sands,  and  to  still  further 
rehandling  by  the  scour-and-fill  process.  However,  this  is  not 
that  phase  of  transfer  that  has  been  most  imder  discussion  in  the 
history  of  the  case.  The  interpretation  siuggested  does  not  neces- 
sarily involve  any  transfer  from  an  independent  deposit  some- 
where else  to  the  creek  deposits.  It  is  purely  negative  on  this 
question,  which  is  left  to  be  decided  pro  or  con  by  its  own  class 
of  evidence. 

A  possible  episode  in  the  history  of  the  Van  Valkenburg's  Creek 
deposits  must  be  suggested  briefly  to  meet  one  other  phase  of  the 
deposits.  *rhere  are  specific  grounds  for  thinking  that  the  gradi- 
ent of  the  creek  may  have  been  steepened,  for  a  time,  at  some 
period  between  that  of  its  early  adjustment  to  the  sea  as  it  retired 
and  its  adjustment  that  now  obtains  at  about  the  same  level. 
Some  of  the  streams,  harbors,  and  inlets  in  the  region  seem  to 
occupy  drowned  valleys,  and  this  has  been  held  by  Shaler,  Matson, 
and  others  to  imply  that  a  lower  relative  level  of  the  sea,  to  the 
extent  of  twenty  or  thirty  feet,  obtained  for  a  time.  Such  rela- 
tive lowering  of  the  sea-level,  if  it  occurred,  would  naturally  have 
caused  Van  Valkenburg's  Creek  to  sink  its  channel — attended 
perhaps  by  a  flood-plain  of  greater  or  less  extent  also — ^into  the 
previous  aggradation  plain.  As  the  sea-level  again  arose  to  its 
present  position,  the  simken  trench  should  have  been  refilled  until 
aggradation  would  be  resumed  on  the  level  of  the  old  plain.  Such 
an  intervening  stage  in  the  drainage  seems  to  harmonize  well  with 
the  browner  color  of  the  lower  layer  and  with  the  division  recog- 
nized between  the  lower  and  the  upper  layers,  the  latter  of  course 
being  the  assigned  work  of  the  resumed  aggregation  on  the  surface 
of  the  old  plain. 
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To  fill  out  a  (air  recognition  of  the  inevitable  mixing  processes 
to  which  the  creek  deposits  were  subject  in  the  course  of  their 
accumulation,  several  incidental  activities  should  be  noted,  the 
most  important  of  which  perhaps  is  the  overturn  of  the  trees 
that  grew  on  the  bottoms;  but  this  paper  would  grow  tedious  if 
these  and  other  incidental  modes  of  mixing  were  discussed  in 
detail. 

h)  Suggestions  sUmulaied  by  the  outer  relations  of  the  creek 
deposits. — ^Whatever  the  above  suggestions  might  contribute 
toward  the  interpretation  of  the  crowded  and  mixed  association 
of  the  fossils  and  relics  in  the  six  feet  of  creek  deposits,  if  put  into 
service,  they  would  still  leave  no  little  apparent  conflict  of  evidence 
connected  with  the  neighboring  and  also  with  the  more  remote 
relations  of  the  deposit. 

Geologists  studying  these  outer  relations,  either  from  the 
physico-dynamic  point  of  view  or  from  the  regional  point  of  view, 
are  confronted  with  difficulties  that  naturally  cause  them  to  hesi- 
tate to  believe  that  the  time  since  the  Vero  Ridge  was  formed — 
which  is  somewhat  greater  than  the  time  since  the  creek  deposits 
began  to  be  formed — can  be  the  record  of  all  that  was  done  here 
since  the  Early  or  Middle  Pleistocene.  Inevitably  then  the  pres- 
ence in  the  beds  of  extinct  mammals  that  have  been  regarded  as 
evidence  of  these  early  stages  raises  a  serious  question  as  to  which 
class  of  criteria  is  the  more  trustworthy. 

Anthropologists  naturally  hesitate  to  believe  that  the  Indian 
type  of  skeleton  could  have  remained  without  appreciable  modi- 
fication for  forty-five  hundred  centuries^ — ^the  minimiun  date 
assigned  the  Aftonian  stage  in  our  tentative  time-scale — or  for 
any  notable  part  of  that  long  period,  and  so  on  these  groimds 
also  the  question  of  the  relative  value  of  criteria  is  raised.  In 
this  case,  interestingly  enough,  the  conflict  of  evidence  takes  the 
form  of  bone  against  bone. 

The  archaeologists  are  naturally  still  more  hesitant  to  believe 
that  Indian  pottery-making  could  remain  in  a  static  state  for  the 
period  named  or  any  period  measured  by  hundreds  of  centuries, 
not  to  say  thousands  of  centuries^  for  when  a  plastic  art  is  set 
over  against  the  evolution  of  biotic  species,  the  presumption  of 
the  speedier  change  lies  much  in  favor  of  the  art. 
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The  paleobotanical  evidence  has  been  interpreted  as  implying 
a  much  shorter  period  than  do  the  manmialian  remains  between 
the  lower  and  the  upper  deposits  of  the  creek  series.  The  general 
presiunption  of  changeableness,  however,  has  commonly  been 
held  to  favor  the  mammals. 

Marine  paleontology  seems  to  be  rather  neutral  in  this  war  of 
criteria.  The  marine  layer  that  xmderlies  the  beach  ridge  in  which 
the  creek  sank  its  valley  and  later  began  to  fill  it  contains  few 
fossils,  if  any,  of  species  other  than  those  now  living.  Using  the 
inherited  organic  criteria,  the  age  of  this  layer  has  usually  been 
placed  at  or  near  the  end  of  the  Pleistocene  Period.  It  would  seem 
to  be  a  fair  accommodation  to  the  general  tenor  of  the  various 
evidences  to  make  the  last  retreat  of  the  sea  from  the  mainland 
in  the  Vero  region  the  beginning  of  the  Recent  Period.  Such  a 
reference,  however,  places  the  beginning  of  the  creek  deposits 
witkin  the  Recent  Period.  This  conforms  very  well  to  the 
apparent  requirements  of  regional  geology,  of  physical  geology,  of 
anthropology,  and  of  archaeology.  Perhaps  paleobotany  might  be 
accommodated  to  it  without  putting  its  data  under  much  strain 
if  any  at  all;  but  vertebrate  paleontology,  especially  mammalian 
paleontology,  as  heretofore  imderstood,  would  apparently  need 
radical  revision.  The  suggestion  here  implied,  that  the  extinct 
mammals  may  have  lived  on  even  into  the  Recent  Period,  goes  a 
step  farther  than  the  suggestion  made  at  the  conferences  to  the 
effect  that  the  several  vertebrates  heretofore  only  known  to  occur 
in  Early  or  Middle  Pleistocene  beds  really  lived  on  in  this  south- 
ern clime  until  a  much  later  Pleistocene  date.  Even  then  it  is 
not  necessary  to  suppose  that  the  older  of  these  extinct  mammals 
were  contemporaneous  with  man,  for  the  two  himdred  centuries 
assigned  to  the  Recent  Period  give  room  for  appreciable  differen- 
tiation. Obviously  this  basis  of  reconciliation  throws  the  biu*den 
of  revision  most  heavily  on  vertebrate  paleontology  and  subordi- 
nately  on  paleobotany. 

Those  who  are  thus  h3T>othetically  made  to  bear  nearly  the 
whole  burden  of  revision  are  entitled  to  trial  hypotheses  which 
shall  in  a  like  hypothetical  way  tlu-ow  the  burden  of  revision  on 
other  criteria.    The  method  of  multiple  working  hypotheses,  in 
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its  eminent  fairness,  requires  us  to  make  an  earnest  effort  to  bring 
under  trial  all  tenable  alternatives,  to  the  end  that  among  these 
there  may  be  foimd  the  one  that  apportions  the  task  of  revision 
in  strict  accord  with  the  inherent  value  of  the  combined  evidence. 
This  in  its  very  nature  also  covers  the  question  whether  or  not  it 
is  possible  to  escape  all  serious  revision  of  criteria  by  finding  some 
tenable  basis  of  reconciliation  not  perhaps  now  recognized. 

How  such  a  series  of  multiple  working  hjrpotheses  is  to  be  built 
up  from  the  one  we  have  just  suggested  is  almost  obvious,  for  the 
one  just  offered  is  a  rather  extreme  one  and  quite  suitable  to  form 
the  end  hypothesis  nearest  us  in  time.  To  build  out  the  series 
from  this  backward  in  time,  it  is  merely  necessary  to  push  back 
step  by  step  the  assigned  place  in  time  of  the  basal  creek  deposit 
and  note  the  degree  of  strain  put  on  each  of  the  several  criteria 
of  interpretation  by  each  step.  The  measure  of  total  strain  in 
each  case — or  the  best  balance  of  such  strain  as  is  imavoidable — 
forms  the  index  of  success  of  each  trial  hypothesis. 
^  In  studying  such  a  series  it  will  be  not  only  interesting  but 
significant  to  note  that,  if  we  accept  the  interpretation  of  the  creek 
deposits  already  sketched,  the  extinct  vertebrates  may  be  assigned 
earlier  and  earlier  ages  without  necessarily  bringing  any  strain  at 
all  to  bear  upon  the  archaeological  and  anthropological  evidences, 
for  the  hiunan  relics  were  buried  at  horizons  so  close  under  the 
deposits  in  process  of  formation  when  suspended  in  19 13  that  any 
tenable  amoimt  of  backward  assignment  of  the  content  of  the 
lower  layers  is  not  likely  to  carry  these  relics  back  beyond  the 
place  their  own  criteria  would  assign  them  on  independent 
groimds.  The  strains  that  are  really  brought  out  by  such  back- 
ward steps  in  assignments  of  the  date  of  deposition  of  the  extinct 
vertebrates  or  of  the  plants  bear  almost  solely  on  the  criteria 
derived  from  physico-dynamic  and  regional  considerations.  The 
question  of  the  Pleistocene  or  the  non-Pleistocene  age  of  man  is 
thus  replaced  by  the  much  broader  and  deeper  question,  What  are 
the  relative  worths  of  the  criteria  offered  by  life-extinctions  on  the 
one  ha^d,  and  those  offered  by  physical  state,  dynamic  work 
done,  regional  distribution  and  stratigraphic  arrangement,  on  the 
other  ? 
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In  any  attempt  to  rectify  the  criteria,  there  is  a  prerequisite 
that  is  strictly  indispensable,  to  wit,  the  keen  recognition  that 
relics  buried  beneath  secondary  or  tertiary  derivatives  from  the 
surficial  deposits  are  little  better  than  Mephistopheiian  in  their 
insidious  power  to  deceive.  A  relic  reported  as  found  beneath 
twelve  feet  of  gravel  or  twenty  feet  of  loess  by  anyone  not  trained 
to  avoid  these  Mephistopheiian  lures  is  to  be  held  as  quite  without 
value  imtil  tested;  it  merely  serves  as  an  interrogation  point  to 
pimctuate  the  question,  Is  it  worth  while  to  investigate  the  case  ? 

c)  The  deeper  and  broader  issues  involved  in  the  Vera  ca^^.-^The 
more  profound  interest  of  studious  men  of  science  lies  in  such 
advances  in  modes  of  inquiry,  such  increases  in  the  trustworthi- 
ness of  criteria,  such  larger  hospitality  to  working  alternatives, 
such  greater  readiness  to  make  trial  of  these  and  frankly  lay  them  * 
aside  if  foimd  wanting;  such  hospitality  to  revision,  and  such 
larger  views  of  the  whole  problem  as  may  be  drawn  out  from  the 
case.  Let  us  therefore  survey  from  a  more  general  point  of  view 
the  main  lines  along  which  this  problem  may  be  approached  with 
the  hope  of  important  light.  Foremost  among  these  are:  (i)  the 
extinction  of  biotic  species;  (2)  the  introduction  of  biotic  species; 
(3)  the  physico-dynamic  vestiges;  and  (4)  the  regional  relations 
of  the  formations;  the  rest  must  be  omitted.  The  leading 
criterion  of  the  first  is  life  gone  out;  of  the  second,  life  come  in; 
of  the  third,  work  done;  and  of  the  fourth,  the  deployment  of  the 
record. 

(i)  In  approaching  a  problem  on  the  first  line,  it  has  been 
customary  to  bring  to  bear  the  times  of  extinction  of  the  species 
of  faunas  and  floras  that  lived  in  the  stages  immediately  preced- 
ing and  the  ratios  of  such  extinct  forms  to  the  living  species 
present.  Some  advances  on  the  older  methods  are  to  be  noted. 
Chief  among  these  is  the  appeal  to  causes  of  extinction  as  con- 
firmatory evidences.  This  relates  the  statistical  method  to  the 
dynamic  method;  it  helps  to  co-ordinate  the  facts  of  extinction 
with  the  work  of  the  agencies  that  produce  extinction.  This 
has  chiefly  been  a  co-ordination  of  faimal  changes  and.  glacial 
climates.  Further  deployment  in  this  and  other  directions  is  much 
to  be  desired.    As  a  suggestion  in  that  line,  why  should  not  the 
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northward  advance  of  pathogenic  microbes,  assignable  to  the  rise 
of  temperature  as  an  interglacial  epoch  comes  on,  be  quite  as 
plausible  a  cause  of  extinction  as  the  southward  advance  of  a 
cold  climate  as  a  glacial  epoch  comes  on?  In  this  particular 
case  may  not  the  advance  of  the  warmth  of  the  early  Recent 
Period  have  thus  been  indirectly  one  of  the  effective  causes  of  that 
rather  remarkable  rate  of  extinction  which  seems  to  be  recorded 
in  the  six  feet  of  the  creek  deposits'  at  Vero  ? 

(2)  The  second  line  of  approach  has  not  been  sharply  distin- 
guished from  the  first,  nor  has  it  been  brought  into  equal  use  as 
a  means  of  discrimination,  as  the  discussion  of  the  Vero  case 
very  pointedly  shows.  Has  not  the  introduction  of  species,  how- 
ever, resources  of  discrimination  equal  to  those  of  extinction,  if 
not  indeed  greater?  In  the  use  of  extinctions  the  inquirer  can 
only  start  with  the  imperfect  knowledge  of  earlier  faunas  and 
floras.  He  can  only  trace  these  forward  to  disappearance  by 
means  of  the  inferior  record  of  those  earlier  times.  On  the  other 
hand,  in  the  use  of  the  introductions  of  species,  it  is  possible,  by 
reversing  the  time-order,  to  start  with  the  fuller  knowledge  of  the 
present  faunas  and  floras  and  trace  these  backward  by  the  use  of 
the  more  complete  record  of  recent  times.  There  may  thus  be 
brought  into  use  a  large  amount  of  data  relative  to  the  climatic 
adaptations  of  existing  species,  varieties,  and  races,  and  hence  by 
inference,  knowledge  of  the  climatic  conditions  that  obtained  when 
these  were  introduced.  By  starting  with  the  richer  resources  of 
the  biologic  knowledge  of  the  present  and  the  fuller  knowledge  of 
present  conditions,  there  is  good  reason  to  hope  that  before  the 
preceding  records  grow  too  obscure,  the  climatic  effects  of  the 
last  ice  invasion  even  upon  southern  faimas  and  floras  may  be 
detected,  and  so  the  southern  fossil  records  rendered  directly 
comparable  to  the  glacial  record. 

Now  it  is  highly  pertinent  to  the  question  at  issue  to  observe 
that  the  extinctions  and  introductions  of  biotic  species,  varieties, 
and  races  during  the  last  century  have  been  phenomenal  in  kind 
and  degree.  Within  the  memory  of  some  of  us  that  are  older 
there  have  been  profound  changes  in  the  general  aspect  Of  the 
regional  faunas  and  the  floras  in  North  America  more  radical, 
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perhaps,  than  were  witnessed  by  the  preceding  ten  generations. 
That  there  was  a  special  biologic  cause  for  this  only  intensifies 
its  importance  as  a  subject  of  special  study.  It  is  such  critical 
events  in  history  that  should  put  us  on  our  guard,  for  similar 
critical  events  probably  characterized  all  the  past,  as  LeConte 
so  wisely  urged  on  our  attention. 

Co-ordinate  with  this  a  like  radical  change  has  taken  place  in 
the  rates  of  erosion,  sedimentation,  and  the  surfidal  aspects  of 
the  land.  These  climacteric  stages  in  the  extinction  of  species, 
in  the  introduction  of  species,  and  in  surfidal  evolution  furnish 
stimulating  grounds  for  revision  of  ideas  and  a  reconstruction  of 
working  tenets.  They  offer  a  point  of  departure  of  most  sug- 
gestive value. 

A  very  vital  phase  of  this  recent  physico-dynamico-bio-psychic 
combination  is  himiian  art  and  industry.  This  becomes  a  ver}' 
important  additional  resource  in  discrimination.  The  evolution 
of  the  arts  and  industries  is  usually  far  more  rapid  and  much 
more  sensitive  to  conditions  than  the  evolution  of  biotic  spedes. 
It  is  in  like  degree  a  more  refined  criterion  of  historical  progress. 

(3)  The  third  line  of  approach  is  an  endeavor  to  find  in  the 
record  of  work  done  by  the  chief  terrestrial  agencies  a  basis  for 
the  natural  events  that  mark  off  the  progress  of  the  ages.  These 
agendes  are  more  or  less  rhythmical  in  action  and  so  reach  climaxes 
here  and  there  that  serve  for  dividing  lines  or  points  of  reference. 
To  a  large  degree  these  agencies  are  the  basal  causes  of  the  leading 
events  of  the  geologic  record.  As  such  basal  causes  they  are 
eminently  fit  for  true  criteria.  Concretely,  the  ph)^ico-dynamic 
agencies  record  themselves  in  changed  relations  of  land  and  sea, 
in  changes  of  surface  attitude,  in  changes  of  soil  growth,  of  denuda- 
tion, of  configuration,  and  of  sedimentation,  as  also  in  changes 
of  climate,  and  of  most  other  environing  features  that  condition 
life.  We  have  already  remarked  that  glacial  invasions  and  glacial 
oscillations  have  already  in  large  measure  replaced  the  older  cri- 
teria on  which  are  based  the  divisions  of  the  Pleistocene  Period 
and  its  separation  from  the  Recent  Period.  A  greatly  enlarged 
use  of  these  newer  physico-dynamic  criteria  is  scarcely  less  than 
imperative  to  conclusions  that  will  stand  the  tests  of  the  future. 
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(4)  The  help  derivable  from  the  spacial  or  positional  relations 
of  the  deposits  is  most  conveniently  summed  up  in  the  term 
regional  relations,  and  is  best  illustrated  concretely.  Between 
the  Vero  location  on  the  very  edge  of  the  continent — far  to  the 
south — ^and  the  glacial  formations  in  middle  latitudes,  there  is  a 
wide  stretch  of  territory  covered  by  Pleistocene  and  Recent  forma- 
tions, each  of  which  has  its  place  and  significance  in  the  recent 
history  of  the  whole  region.  Whether  we  are  able  to  distinguish 
all  these  or  not,  they  are  there  and  have  their  story  to  tell.  These 
must  ultimately  be  assigned  their  true  place  in  the  natural  series 
that  intimately  connects  the  Vero  deposits  with  the  glacial  for- 
mations in  the  northern  states.  These  fall  into  four  geogn^hic 
provinces  suited  for  work  on  the  problem  in  hand.  In  the  work- 
ing of  these  provinces,  of  course,  the  extinctional,  the  introductory, 
and  the  physico-dynamical  methods  of  inquiry  should  each  play 
its  own  appropriate  part.  The  following  regional  work  is  definitely 
indicated: 

(a)  Intensive  and  correlative  work  on  the  marine  coastal  tracts 
of  the  Atlantic  and  the  Gulf.  By  this  connection  would  be  made 
between  the  glacial  and  glacio-natant  deposits  of  the  North  and 
the  contemporaneous  marine  deposits  of  the  warm  South.  In 
this  work  the  distinctive  marine  criteria,  physical  and  biotic  alike, 
should  be  adhered  to  rigorously  and  all  formations  not  amply 
accredited  by  marine  credentials  should  be  left  in  the  waiting 
list,  or  placed  elsewhere. 

ib)  Inland  from  this  narrow  coastal  tract,  a  broad  U-shaped 
tract  wraps  about  the  Appalachians  with  its  outer  southeastern 
flank  against  the  sea  deposits  of  the  Atlantic  and  Gidf  on  the  one 
side  and  its  inner  northwestern  flank  on  the  glacial  deposits  of 
the  Ohio  Valley  on  the  other,  while  at  the  top  of  the  U  these  tracts 
abut  against  the  glaciated  areas  on  either  side  of  the  mountains. 
The  strategic  advantages  of  working  this  province  as  a  imit  are 
obvious.  The  aggradation-degradation  deposits  on  the  two 
flanks  of  the  Appalachians  offer  special  advantages  in  correlation 
and  in  interpretation. 

{c)  The  fluvial  deposits  of  the  Mississippi  Valley,  embracing 
those  whose  sources  lay  in  the  glacial-drainage  area  of  the  upper 
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Mississippi  Valley,  offer  a  highly  promising  line  of  inquiry  in  which 
definite  glacial-drainage  stages  may  probably  be  traced  into 
physical  connection  with  both  the  terrestrial  and  the  marine 
deposits  of  the  more  southerly  regions. 

{d)  The  lowland  and  upland  plains  west  of  the  Mississippi 
offer  a  similarly  promising  connecting  tract  between  the  Keewatin 
glacial  fields  and  the  Gulf  coast. 

The  combined  import  of  careful  co-ordinated  studies  on  these 
promising  connective  tracts  between  the  fields  of  warmth  and  the 
fields  of  cold  should  greatly  help  in  revising  and  reconciling  the 
discordant  interpretations  so  notably  brought  out — so  fortunately 
brought  out,  shall  we  say, — by  the  singularly  suggestive  deposits 
at  Vero. 


Digitized  by 


Google 


INEQUALITIES  OF  SEDIMENTATION' 


E.  M.  KINDLE 
Geological  Survey  of  Canada,  Ottawa 


CONTENTS 
Introduction 
Clastic  Deposits 

Observations  on  the  Great  Lakes 

Littoral  marine  deposits 

Current  work  in  deep  water 

Shifting  of  deposits 

Relative  aridity 

R61e  of  vegetation  in  estuaries 

Periodic  and  cataclysmic  variations 
Organic  and  Biochemical  Deposits 

Limestones  of  biochemical  origin 

Coral  reefs 

Lithification 

Variability  of  Molluscan  contribution 

Bone  beds 

Displacement  of  ocean  currents 

Barren  areas 

Seasonal  variation 

Conclusions 

INTRODUCTION 

Most  of  the  earlier  discussions  touching  the  subject  of  sedi- 
mentation leave  in  the  mind  of  the  reader  the  impression  that 
water-laid  sediments  other  than  delta  deposits  accimiulate  over 
very  wide  areas  at  a  nearly  uniform  rate.  Leaving  out  of  considera- 
tion delta  and  estuarine  sediments  whose  relatively  rapid  accumu- 
lation is  of  course  universally  recognized,  variability  or  contrast 
in  rates  of  deposit  between  different  areas  and  between  different 
periods  in  the  same  area  rather  than  uniformity  appears  to  the 
writer  to  be  the  dominant  feature  characterizing  sedimentation. 
In  both  its  time  and  space  relations  sedimentation  is  highly 
variable. 

'  Published  with  the  permission  of  the  director  of  the  Geological  Survey  of  Canada. 
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It  is  the  purpose  of  the  present  paper  to  point  out  some  of  the 
factors  which  make  for  periodic  variability  in  the  rate  of  deposition 
and  to  cite  some  examples  from  existing  lakes  and  seas  to  illustrate 
the  sharp  contrasts  in  the  rate  at  which  sediments  accumulate  at 
different  points  near  the  same  coast  line. 

Some  familiarity  with  the  mobility  of  wind-formed  deposits  is 
unavoidable,  but  with  the  far  greater  mobility  of  water-laid 
deposits  we  have  a  comparatively  slight  acquaintance.  We  are 
apt  to  think  of  clastic  deposits  which  have  once  come  to  rest  on 
sea  or  lake  bottom  as  j)ermanently  fixed.  That  such  materials 
lose  nearly  half  their  weight  in  water  and  in  a  corresponding  degree 
their  tendency  to  "stay  put"  is  apt  to  be  forgotten  in  considering 
the  history  of  geological  formations.  Removal  or  migration  of 
parts  or  the  whole  of  an  unconsolidated  formation  may  occur  much 
more  rapidly  below  than  above  sea  level.  The  buoyancy  of  water, 
together  with  the  general  absence  of  the  fixing  influence  of  vege- 
tation, gives  to- unconsolidated  aqueous  deposits  under  the  combined 
influence  of  waves  and  currents  a  far  greater  degree  of  mobility 
and  instability  than  subaerial  deposits  possess. 

CLASTIC  DEPOSITS 

Observations  on  the  Great  Lakes. — ^Previous  to  human  inter- 
ference sand  dunes  represent  in  a  moist  climate  an  established 
eqmlibrium  between  the  forces  of  the  winds  and  the  waves  and  the 
stabilizing  influence  of  vegetation.  The  slightest  interference  by 
man  with  the  vegetable  covering  of  a  sand  hill  coimtry  which  is 
usually  found  in  temperate  climates  may,  however,  start  the  dunes 
of  a  whole  region  traveling.  It  is  said  that  the  highest  dune 
of  Friesland  owes  its  origin  to  the  destruction  of  a  single  oak. 
Water-laid  deposits  represent  a  similar  balance  of  forces  in  which 
water  currents  replace  air  currents. 

The  deposits  of  the  foreshore  represent  the  innermost  zone  of 
sedimentation.  They  may  be  examined  in  part  at  least  from  the 
vantage  ground  of  the  shore.  Because  of  their  comparative  acces- 
sibility to  observation  the  deposits  of  bars,  tickles,  and  spits  illus- 
trate well  the  irregular  and  highly  localized  character  of  the  inshore 
deposits. 
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The  shores  of  the  Great  Lakes  afford  examples  of  these  massed 
^aggregations  of  sand  and  gravel  flanked  by  extended  areas  of  shore- 
line along  which  little  or  no  deposition  of  sediment  occiu^.  The 
south  shore  of  Lake  Erie  east  of  Sandusky  is  nearly  everywhere 
composed  of  Devom'an  shales  or  glacial  till,  the  wave  and  current 
action  being  destructive  instead  of  constructive.  At  Erie,  Pennsyl- 
vania, however  accretion  dominates  the  elsewhere  prevailing 
erosion  and  a  long,  broad  spit  has  been  built  into  the  lake  inclosing 
Erie  harbor. 

On  the.  Canadian  shore  of  Lake  Ontario  at  Toronto,  in  sharp 
contrast  with  the  bare  rock  bottom  frequently  found  near  the 
shore  of  Prince  Edward  county,  there  is  a  sand  spit  building  out 
into  water  nearly  200  feet  deep.  In  the  Burlington  bar  which 
extends  from  the  north  to  the  south  shore  of  Lake  Ontario  five  miles 
from  the  western  end  of  the  lake  we  have  in  the  maximum  depth  of 
the  enclosed  lagoon,  80  feet,  an  approximate  measure  of  the 
total  thickness  of  the  bar  deposit  which  has  been  built  up  during 
the  relatively  short  life  of  this  lake.  Convincing  evidence  that 
bars  form  even  far  more  rapidly  than  such  a  figure  would  suggest 
is  furnished  by  the  observations  of  Russell'  on  a  bar  at  Round 
Island  in  Lake  Huron.  Two  photographs  by  Russell  taken  ten 
years  apart  show  that  the  bar  increased  1000  feet  in  length  during 
this  interval.  Observation  of  the  movement  of  littoral  drift 
along  the  shore  of  Lake  Ontario  affords  equally  clear  evidence  of 
the  rapid  movement  of  very  coarse  sediments  and  shingle.  In 
the  vicinity  of  Oakville  the  littoral  drift  is  westward.  Two  piers 
built  out  into  the  lake  at  this  point  on  opposite  sides  of  a  river 
mouth  to  protect  navigation  act  as  groins.  Nothing  accumulates 
on  the  beach  behind  the  west  pier,  thus  showing  that  there  is  no 
movement  of  material  toward  the  east.  Alongside  the  east  pier, 
however,  the  beach  is  growing  out  into  the  lake  and  during 
periods  of  rough  weather  the  westerly  moving  shingle  nearly 
overwhelms  the  base  of  the  pier  and  the  building  near  it. 

In  the  Great  Lakes  the  vigorous  action  of  currents  is  by  no 
means  confined  to  the  immediate  vicinity  of  the  shoreline.    A 

'RusseU,  "A  Geological  Reconnaissance  along  the  North  Shore  of  Lakes  Huron 
and  Michigan,"  Geol.  Surv.  of  Michigan  (1905),  p.  104,  PL  15. 
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curious  feature  of  their  behavior  is  its  capricious  character,  remind- 
ing one  of  fitful  gusts  of  wind  on  a  stormy  day.  A  single  excerpt 
from  the  notes  of  Mr.  E.  J.  Whittaker  on  the  behavior  of  currents 
in  Lake  Erie  2  miles  south  of  Point  Pelee  will  illustrate  this. 

Water  depth  18-20  feet;  float  at  depth  of  15  feet;  average  current  rate 
1 .  91  miles  per  hour.  Current  here  alternately  slackened  and  quickened.  Off 
this  point  I  also  got  a  good  Ulustration  of  this  with  a  small  motorboat  while 
soimdings  were  being  taken  by  Philp's  men.  The  motorboat  running  at  per- 
haps 2^-3  mOes  per  hour  for  intervals  of  three  minutes  at  a  time  was  imable 
to  make  any  headway  at  all.  The  current  then  suddenly  slackening,  the  boat 
would  fairly  bound  forward  as  though  released  from  a  chain.  This  was  the 
most  notable  instance  of  a  strong  varying  current.  Moreover  here  the  current 
changed  its  direction  completely  inside  of  45  minutes,  first  being  a  strong 
easterly  current  and  at  the  conclusion  of  observation  being  from  the  west. 

In  direction  the  lake  currents  are  variable  but  only  within  certain 
well  defined  limits.  At  Southwest  Shoal  light-ship,  a  short  distance 
from  the  station  referred  to  above,  current  observations  which  con- 
tinued over  a  period  of  two  months  during  the  summer  of  1918 
showed  easterly  and  westerly  currents  with  about  equal  frequency 
but  no  other  direction  is  represented.  Another  Lake  Erie  station 
which  was  occupied  for  some  weeks  shows  only  southerly  currents. 
It  is  therefore  certain  that  the  work  accomplished  by  lake  currents 
is  not  of  a  haphazard  character  and  that  some  of  their  general 
results  in  sedimentation  can  be  inferred  with  certainty  when  a 
sufficient  amount  of  data  on  their  behavior  becomes  available. 

LiUoral  marine  deposits, — The  movement  of  sediments  along 
the  shores  and  over  the  bottoms  of  the  Great  Lakes,  although 
it  is  considerable,  is  far  outclassed  in  volume  by  the  material  which 
is  constantly  passing  over  the  littoral  zone  of  many  sea  coasts. 
The  construction  of  harbor  defenses  against  the  sea  sometimes 
affords  surprising  evidence  concerning  the  volume  of  sediments 
which  moves  along  the  sea  bottom  in  front  of  the  foreshore. 
Instructive  evidence  concerning  the  great  volume  of  such  traveling 
sediments  on  some  parts  of  the  sea  shore  is  furnished  by  the  history 
of  the  Madras  Harbor  in  India. 

The  Indian  Government  in  1876  determined  to  construct  an  enclosed 
harbour  at  Madras.  Careful  observations  were  made  of  the  volume  of  sand 
travel,  and  it  was  estimated  that  it  would  take  180  years  for  the  travelling 
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sand  to  fill  a  triangular  area  between  the  coast  line  and  a  breakwater  running 
out  1,200  yards  from  the  shore.  No  sooner,  however,  were  the  works 
commenced  than  it  became  obvious  that  the  above  estimate  of  sand  travel 
was  completely  unreliable.  The  wave-borne  sand  travelling  up  from  the  south 
was  about  sixty  times  greater  in  volume  than  the  corresponding  amount  brought 
down  by  the  northeast  monsoons.  The  original  estimate  of  sand  in  motion  was 
243,000  tons  per  annum;  a  second  estimate  in  1904  was  550,000  tons  per 
annum.  The  accumulation  at  the  present  time  shows  that  about  1,000,000 
tons  per  annum  travel  along  the  coast  line.  Low-water  line  between  1876 
and  191 2  has  crept  seawards  for  a  distance  of  2,500  feet.  In  1881  a  terrific 
cyclone  wrecked  the  harbour  works  then  nearly  completed  but  a  somewhat 
similarly  outlined  harbour  has  since  been  carried  out  on  altered  lines.  For 
a  distance  of  more  than  3  miles  severe  erosion  has  taken  place  on  the  north 
side  of  the  harbour  due  to  the  arrest  of  the  normal  volimie  of  travelling  sand, 
and  whole  towns  and  villages  have  thus  been  swept  away.  This  experience 
is  an  extreme  instance  of  the  action  which  goes  on  in  a  greater  or  less  degree  at 
every  headland,  river-mouth  or  solid  projection  from  a  foreshore  into  the 
sea.» 

It  may  be  noted  here  that  the  migration  of  clastic  materials 
in  the  littoral  zone  is  not  confined  to  the  finer  products  of  erosion 
but  comprises  much  coarse  material  and  even  heavy  blocks  of 
stone. 

Rollers  bring  in  shingle  and  sometimes  large  masses  of  rock  from  deep 
water.  It  frequently  happens  that,  after  a  severe  gale  in  the  channel,  boulders 
weighing  several  hundredweight  will  be  found  strewn  along  the  strand.  These 
are  mostly  weed-covered.  The  growth  of  weed  evidences  the  fact  that  the 
action  of  the  waves  has  reached  sea  depths  normally  tranquil.  In  exposed 
I>ortions  of  the  coast  line  of  Scotland  boulders  upwards  of  2  tons  in  weight  are 
similarly  thrown  up  after  storms  and  their  occurrence  on  these  spots  is  so  much 
a  matter  of  course  that  they  go  by  the  name  of  "  travellers. "  Their  buoyancy 
being  increased  by  the  crop  of  seaweed  they  carry,  they  are  pushed  along  the 
sea  bed  under  the  impulsion  of  the  deep-water  rollers.  As  an  instance  of  deep- 
sea  wave  action  may  be  cited  the  fact  that  concrete  blocks  at  Peterhead 
harbour  weighing  47  tons  were  forced  out  of  position  at  a  depth  of  40  feet 
below  low  water.* 

The  English  Channel  is  an  area  over  much  of  which  clastic 
sediments  pass  without  stopping  to  build  up  formations.  The 
detailed  explorations  of  the  bottom  of  the  English  channel  made  by 

« A.  E.  Carey,  "The  Sanding  up  of  Tidal  Harbours,"  Proc.  Inst,  C£,,  CLVI 
(1903-4),  1-90;  A.  E.  Carey  and  F.  W.  Oliver,  Tidal  Lands,  Blackie  &  Sons,  Ltd., 
(1918),  pp.  144-45. 

*Op.cit.,p,  150. 
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French  engineers'  many  years  ago  in  connection  with  the  proposed 
submarine  railway  tunnel  showed  the  sea  floor  to  be  free  of  uncon- 
solidated or  recent  deposits  from  the  French  to  the  English  coast 
between  Dover  and  Calais.  Because  of  the  prevailing  westerly  and 
southwesterly  winds  the  normal  littoral  drift  in  the  English  channel 
is  eastward,  so  that  most  of  the  detrital  material  which  passes 
through  it  doubtiess  comes  to  rest  in  the  North  Sea.  Much  of  the 
coarse  materials  stop  on  the  Dogger  bank.  This  bank  which  is 
bounded  by  the  20-fathom  line  and  covered  by  quartz  sand  is 
comparatively  free  from  the  finer  silt  which  occurs  in  the  deeper 
parts  around  it.'  The  sand  and  mud  formations  now  forming  in 
the  North  Sea  represent  the  time  interval  since  the  submergence  of 
the  North  Sea  and  English  Channel  area.  These  deposits  probably 
thin  out  gradually  toward  the  Channel  where  this  considerable 
time  interval  is  entirely  unrepresented  by  any  sediments.  This 
it  will  be  noted  gives  a  relationship  of  areas  where  a  formation  is 
absent,  relatively  thin,  and  comparatively  thick,  which  when  met 
with  in  the  consolidated  rocks  is  generally  ascribed  to  overlap. 
The  Potsdam  sandstone  of  New  York  and  Ontario  affords  a  compar- 
able example.  It  is  absent  in  the  upper  Ottawa  valley,  less  than 
100  feet  thick  over  much  of  the  southeastern  Ontario  but  reaches 
a  thickness  of  several  hundred  feet  in  eastern  New  York.  Its 
progressively  decreasing  thickness  from  Lake  Champlain  to  Ottawa 
is  generally  ascribed  to  overlap. 

In  the  enclosed  Arctic  seas  west  of  Greenland  McMillan 
reported  currents  with  a  usual  velocity  of  about  2  miles  an  hour.^ 
In  the  same  region  Low  has  made  the  important  observation  that 

With  bodies  of  water  having  a  general  north-south  trend  the  current  will 
flow  north  on  the  east  side  and  south  on  the  west  side  while  in  east  and  west 
bodies  the  direction  will  be  west  on  the  north  side  and  east  on  the  south  side.* 
On  the  Greenland  side  a  southerly  current  comparatively  free  of  ice  aUows  the 

«A.  Strahan,  "The  English  Channel,"  Nature,  XXV  (1882),  463-67;  Limd. 
Gtog,  Jour.,  XXXI,  420. 

•  Royal  Comm.  on  Coast  Erosion  and  AJforesiaiion,  III  (191 1),  Part  i,  p.  9. 

3  J.  G.  McMillan,  Report  of  the  Cruise  of  the  Dominion  Gouemmeni  Steamer  Arctic 
in  Northern  Waters,  etc.,  in  igoS-g,  p.  469. 

*  A.  P.  Low,  Cruise  of  the  Neptune  (1906),  p.  289.    Canadian  Government. 
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open  sea  ta  raise  the  general  temperature  while  on  the  Elsemere  side  the 
Arctic  current  with  its  continuous  stream  of  ice  blocks  the  bays  and  does  not 
allow  the  open  water  to  ameliorate  the  cold  of  the  ice  covered  lands. 

It  is  evident  that  currents  trending  in  opposite  directions  on 
opposite  sides  of  narrow  sea  ways  will  tend  to  develop  marked 
contrasts  in  the  kind  as  well  as  in  the  amount  of  sediments  which 
they  distribute  in  comparatively  limited  areas. 

In  Chesapeake  bay  Himter  has  shown  that  both  erosion  and 
accretion  are  contemporaneously  in  progress  in  adjacent  parts  of 
the  bay.  Qe  finds  that  in  the  area  studied,  ''The  areas  subjected 
to  erosion  aggregate  35  square  miles  and  those  subjected  to  sedi- 
mentation 9  square  miles,  making  an  excess  of  26  square  miles 
eroded.  "* 

In  the  Bay  of  Fundy  the  processes  of  deposition  and  scour  are 
both  active  as  Matthew*  has  pointed  out.  His  statement  is  sum- 
marized as  follows: 

In  the  Bay  of  Fundy  the  velocity  of  the  tide  varies  from  two  to  three  knots 
at  its  mouth  to  seven  or  eight  knots  in  the  Parrsboro  passage  near  its  head. 
Near  its  mouth,  on  the  New  Brunswick  side,  a  portion  of  the  bay  is  separated 

by  a  chain  of  islands,  and  is  called  Passamaquoddy  Bay The  rush  of 

the  tide  through  these  passes  causes  a  roaring  soimd  which  may  be  heard  for 
many  miles,  and  the  whirlpools  in  them  are  strong  enough  to  upset  boats  and 
careen  large  vessels;  both'  chaimels  are  full  of  deep  holes,  ledges,  and  pointed 
rocks.  At  Quoddy  River  the  tide  passes  over  barriers  having  only  fifteen 
fathoms  of  water  at  low  tide,  yet  within  owing  to  the  erosion  of  the  tidal 
currents,  there  is  fifty  fathoms  in  the  narrowest  and  straightest  part,  and  thirty 
fathoms  where  it  merges  into  the  shallower  water  of  Passamaquoddy  Bay. 
....  Up  in  Chignecto  Passage  also  off  Cape  Enrage,  there  is  a  trough  scooped, 
out  by  the  tide,  which  is  outlined  by  the  thirty,  twenty-five,  and  twenty-fathom 

contour  lines But  it  is  in  the  eastern  arm  of  the  Bay  of  Fundy — Minas 

Channel  and  Basin — that  the  scouring  action  of  the  tide  is  most  conspicuous. 
....  The  violence  of  the  current  in  the  deep  troughs  of  Minas  Channel  and 
Basin  occasions  the  roughest  bottom  observable  an3nvhere  in  the  bay,  for  at 
these  points  rock  and  gravel  compose  the  bottom  over  which  the  tidal  waters 

hm The  north  side  of  the  Bay  of  Fundy  having  the  slower  run  of  tide, 

and  being  that  along  which  the  principal  rivers  enter,  has  in  parts  a  muddy 

'  J.  F.  Hunter,  "Erosion  and  Sedimentation  in  Chesapeake  Bay  around  the 
Mouth  of  Choptank  River,"  U.  S,  Geoi,  Surv.  Prof.  Paper  goB  (1914),  P-  H- 

•  G.  F.  Mathew,  "Report  on  the  Superficial  Geology  of  Southern  New  Brunswick," 
Can.  Geol.  Surv.  Kept,  of  Prog,  for  iSyy-yS  (1879),  pp.  18EE-22EE. 
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bottom.  The  only  mud-bank  of  considerable  volume  is  that  fonned  by  the 
sediment  which  the  St.  John  River  carried  to  the  sea.  It  begins  at  the  harbor 
of  St.  John  and  extends  westward  along  the  coast  as  far  as  the  small  islands 
called  The  Wolves,  its  outer  limit  coinciding  nearly  with  the  fifty  fathom 

line As  a  rule  where  the  movement  of  the  current  exceeds  one  and  a 

half  knots  mud  is  not  deposited  on  the  bottom  of  the  bay. 

Current  work  in  deep  water. — It  must  be  pointed  out  that  non- 
deposition  and  scour  is  not  confined  to  shallow  and  narrow  sea 
ways.  Ocean  currents  are  known  to  sweep  the  sea  floor  at  con- 
siderable depths  and  at  considerable  distances  from  land.  At 
the  head  of  the  Bay  of  Bengal  the  great  delta  deposits  of  the  Ganges 
and  Brahmaputra  rivers  are  interrupted  by  a  deep  channel  called 
the  "Swatch  of  no  ground"  which  is  kept  open  presumably  by 
some  acceleration  of  the  tidal  currents.  This,  channel  which 
has  a  depth  of  200  to  300  fathoms  terminates  abruptly  on  the  west 
side  in  water  only  5  to  10  fathoms  deep.'  Thus  we  have  in  the 
midst  of  an  area  In  front  of  the  mouths  of  the  two  greatest  rivers 
of  India  where  sedimentation  proceeds  with  great  rapidity  a  belt 
of  sea  bottom  where  deposition  is  supplanted  by  scour. 

Off  the  west  coast  of  Scotland  tidal  currents  of  great  strength 
are  known  at  some  points  to  sweep  the  bottom  at  a  depth  of  nearly 
100  fathoms.  Between  Glas  Island  and  Sgeir-i-Noe  in  the  Little 
Minch  off  the  west  coast  of  Scotland  the  flood-stream  often  takes 
the  buoys  of  the  long  lines  down  "and  it  is  a  remarkable  circum- 
stance, indicative  of  the  great  depth  of  the  tidal-stream  here, 
that  the  buoys  though  anchored  in  70  or  80  fathoms  are  taken 
completely  to  the  bottom;  starfish  and  other  marine  animals 
being  found  attached  to  them. "' 

The  laying  of  the  transatlantic  cables  brought  to  light  evidence 
of  powerful  currents  at  unexpected  depths. 

Perhaps  the  most  marked  experience  we  have  had  of  currents  at  great 
depths  was  in  the  case  of  the  Falmouth  cable  near  Giberaltar.  At  500  fathoms 
the  wire  was  ground  like  the  edge  of  a  razor  and  we  had  to  abandon  it  and 
lay  a  cable  well  inshore.    Captain  Nares,  of  the  survejdng  ship  Nemesis^  I 

'  James  Ferguson,  Quart,  Jour,  Geol.  Soc.,  XDC  (London,  1863) . 

'  Sailing  Directions  for  the  West  Coast  and  Islands  of  Scotland  from  the  MuU  of 
Cantyre  to  Cape  Wrath,  p.  119. 
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think,  with  tangles  could  get  no  specimen  of  the  bottom  whatever,  and  he 
thinks  he  got  sufficient  evidence  to  prove  the  existence  of  a  perfect  swirl  at 
that  depth « 

South  of  the  Azores,  Hjort  found  considerable  tidal  currents  down 
as  deep  as  800  metres.*  Rtade^  has  pointed  out  the  evidence  which 
certain  relatively  deep  soundings  afford  regarding  the  irregularity 
of  deposition.  "In  the  Little  Minch  there  is  a  'deep'  between  the 
Isle  of  Skye  and  North  Uist  with  a  sounding  of  107  fathoms, 
*rock'  the  surrounding  bottom  with  soundings  from  50  to  90 
fathoms  being  shells,  sand,  or  mud. " 

Between  the  island  of  Rum  and  the  island  of  Barra  there  are 
a  good  many  soundings  showing  rock,  which  are  deeper  than  others 
in  the  vicinity  which  have  muddy  bottoms. 

If  we  find  hard  ground  we  know  that  there  must  be  something  to  prevent 
the  accumidation  of  sediment.  Now  the  only  thing  that  prevents  the  accumu- 
lation of  sediment  is  a  current,  and  one  help  that  telegraph  soundings  have 
thus  given  to  geographical  science  as  an  indication  that  tidal  currents  exist 
even  at  very  great  depths  in  the  open  ocean.* 

Most  if  not  all  deep-sea  naturalists  have  noted  even  in  the 
deeper  parts  of  the  continental  shelf  evidences  of  current  action. 
Verrill  has  pointed  out  in  the  following  quotation  how  such  aurents 
over  certain  areas  southeast  of  New  England  have  prevented  the 
formation  of  argillaceous  sediments. 

The  prevalence  of  fine  sand,  along  the  Gulf-stream  slope  in  this  region, 
and  the  remarkable  absence  of  actual  mud  or  clay  deposits  indicate  that  there 
is  here  at  the  bottom,  sufiicient  current  to  prevent  for  the  most  part  the 
deposition  of  fine  argillaceous  sediments  over  the  upper  portion  of  the  slope, 
in  65  to  150  fathoms.  Such  materials  are  probably  carried  along  till  they 
eventually  sink  into  the  greater  depths  nearer  the  base  of  the  slope  or  beyond, 
.  in  the  ocean  basin  itself  where  the  currents  are  less  active.    It  is  probable 

» Quoted  by  T.  Mellard  Reade,  in  "The  North  Atlantic  as  a  Geological  Basin,'' 
Presidential  Address,  Liverpool  Gcol.  Soc.  Session,  1885-86. 

'  Joban  Hjort,  "The  Michael  Sars  North  Atlantic  Deep-Sea  Expedition  191  o," 
Geog,  Jour.,  XXXVII,  349-77- 

'T.  Mellard  Reade,  "Tidal  Action  as  an  Agent  of  Geological  Change," 
PkUosopkical  Mag,,  XXV  (1888),  Series  5,  p.  514. 

^  Ibid.,  p.  514. 
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that  such  a  movement  of  the  water  may  be  partly  due  to  tidal  currents,  as 
well  as  to  the  actual  northward  flow  of  the  Gulf  Stream  which  is  here  slow,  even 
at  the  surface.' 

Charles  Darwin  long  ago  discussed  some  of  the  striking  examples 
of  inequalities  in  sedimentation  which  occur  in  the  Red  Sea  and  in 
the  West  Indies.  The  extent  to  which  the  significance  of  his  very 
important  observations  appears  to  have  been  neglected  by  geolo- 
gists may  justify  the  following  quotations  from  them. 

The  area  of  deposition  seems  less  intimately  connected  with  the  debouch- 
ment of  the  great  rivers  than  with  the  course  of  the  sea-currents;  as  is  evident 
from  the  vast  extension  of  the  banks  from  the  promontories  of  Yucutan  and 
Mosquito 

Besides  the  coast-banks  there  are  many  of  various  dimensions  which 
stand  quite  isolated;  these  closely  resemble  each  other;  they  lie  from  2  or 
3  to  20  or  30  fathoms  under  water  and  are  composed  of  sand,  sometimes  finnly 
agglutinated  with  little  or  no  coral;  their  surfaces  are  smooth  and  nearly 
level,  shelving  only  to  the  amount  of  a  few  fathoms  very  gradually  all  round 
towards  their  edges,  where  they  plunge  abruptly  into  the  unfathomable  sea. 
This  steep  inclination  of  their  sides  which  is  likewise  characteristic  of  the  coast 
banks  is  very  remarkable:  I  may  give  as  an  instance,  the  Misteriosa  Bank 
on  the  edges  of  which  the  soundings  change  in  250  fathoms  horizontal  distance 
from  II  to  210  fathoms;  of!  the  northern  point  of  the  bank  of  Old  Provi- 
dence in  200  fathoms  horizontal  distance  the  change  is  from  10  to  152 
fathoms;  off  the  Great  Bahama  Bank  in  160  fathoms  horizontal  distance  the 
inclination  is  in  many  places  from  10  fathoms  to  no  bottom  with  190  fathoms. 
On  coasts  in  all  parts  of  the  world  where  sediment  is  accumulating  something 
of  this  kind  may  be  observed;  the  banks  shelve  very  gently  far  out  to  sea  and 

then  terminate  abruptly I  may  observe,  although  the  remark  is  here 

irrelevant  that  geologists  should  be  cautious  in  concluding  that  all  the  outliers 
of  any  formation  have  once  been  connected  together  for  we  here  see  that 
deposits,  doubtless  of  exactly  the  same  nature,  may  be  deposited  with  large 
valley-like  spaces  between  them » 

I  may  instance  the  great  banks  of  sediment  within  the  West  Indian  Archi- 
pelago, which  terminate  in  submarine  slopes,  inclined  at  angles  of  between 

30  and  40  degrees,  and  sometime^  even  at  more  than  40  degrees 

That  in  some  cases,  the  sea  instead  of  spreading  out  sediment  in  a  uniform 
sheet,  heaps  it  round  submarine  rocks  and  islands  it  is  hajdly  possible  to  doubt, 
after  having  examined  the  charts  of  the  West  Indies.^ 

'  Verrill,  "Marine  Faunas  off  New  England  Coast,"  AJS.,  XXIV  (1882),  449- 
*  Charles  Darwin,  Geological  Observations  (185 1),  Part  I,  pp.  196-97. 
i  Ibid,,  Part  II,  pp.  133--37. 
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In  the  light  of  the  abundant  evidence  it  is  hardly  possible  to 
doubt  that  currents  play  a  great  r61e  in  localizing  the  accumu- 
lation of  sediments.    In  the  words  of  the  late  Clement  Reid: 

There  is  a  general  impression  that  marine  action  cannot  go  on  much  below 
low  water;  but  this  is  altogether  a  mistake.  Tidal  scour  may  go  on  at  any 
depth,  provided  the  current  is  confined  to  a  narrow  channel,  so  as  to  obtain 
the  requisite  velocity.  If  in  addition  there  is  a  to-and-fro  motion  such  as  that 
caused  by  the  Atlantic  swell  at  depths  of  at  least  50  fathoms,  the  actual  current 
required  to  remove  even  coarse  sand  need  only  be  very  gentle.  The  oscil- 
lation in  one  direction  may  not  reach  the  critical  velocity;  in  the  other  this 
velocity  may  just  be  exceeded;  the  movement,  therefore,  of  the  sand  grains 
may  always  be  in  one  direction  especially  if  the  courses  taken  by  the  ebb  and 
flood  tides  do  not  coincide,  or  their  velocities  differ.' 

The  relative  importance  in  sedimentation  of  the  r61e  of  wave 
action  which  is  constantly  before  our  eyes  is  apt  to  be  over- 
estimated. Current  action  which  even  when  most  vigorous 
is  seldom  visibly  in  evidence  is  apt  on  the  other  hand  to  be  unduly 
minimized.   - 

Shifting  of  deposits, — The  power  of  currents  to  transport 
sediments  is  nearly  everywhere  subject  to  j)eriodic  variations 
resulting  from  the  influence  of  storms.  In  some  regions  there 
appears  also  to  be  a  seasonal  acceleration  and  retardation  of  tidal 
currents.  Braimer  was  told  by  a  pilot  on  the  Brazilian  coast 
"That  the  currents  inside  of  the  Abrolhos  and  Parcel  das  Peredes 
reefs  set  strongest  to  the  southwest  in  May,  June,  and  July;  that 
they  run  in  the  same  direction  at  other  times  of  the  year,  but  not 
so  strongly."  Such  variations  in  current  velocity  must  result 
frequently  in  considerable  deposits  being  laid  down  and  sub- 
sequently removed  by  the  same  current. 

A  change  in  depth  of  wave  base  and  in  the  courses  of  currents 
resulting  from  the  elevation  or  depression  of  a  coast  line  may 
result  in  shifting  the  position  of  an  entire  formation.  As  Vaughan 
Cornish*  states,  "A  very  small  disturbance  of  conditions  if  long 
continued  can  shift  the  largest  shoal.  Such  a  disturbance  is  the 
recession  of  the  coast  Une.    It  is  probable  that  a  shoal  off  the  coasts 

'  Reid,  Submerged  Forests  (New  York:  G.  P.  Putnam's  Sons,  1913),  p.  85. 
*  Cornish,  "On  Sea  Beaches  and  Sand  Banks,"  Geog.  Jour.,  XI  (1898),  641. 
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of  our  eastern  counties  [England]  tends  to  travel  at  the  same  rate 
as  the  coast  is  cut  back. " 

Observation  of  surface  currents  alone  will  aflford  no  positive 
evidence  concerning  the  direction  in  which  bottom  formations  are 
growing,  nor  their  source.  On  the  shoal  east  of  Gorda  bank  the 
direction  of  the  flow  is  nearly  at  right  angles  to  the  surface  current. 
North  of  Barbados  60  miles  Pilsbury'  found  at  different  levels 
between  the  surface  and  200  fathoms,  currents  flowing  in  three 
different  directions,  simultaneously  the  lower  at  right  angles  to 
the  surface. 

Relative  aridity. — ^The  average  annual  loss  by  erosion  is  95 
tons  for  every  square  mile  of  the  United  States,  excluding  the  Great 
Basin,  according  to  an  estimate  published  by  the  U.S.  Geological 
Survey.  The  enormous  volume  of  sediment  which  this  con- 
tribution from  nearly  3,000,000  square  miles^  yields  is  distributed 
aroimd  the  continental  shelf  of  North  America  with  a  degree  of 
irregularity  corresponding  to  a  number  of  variable  factors.  Among 
these  factors  are  the  variability  in  the  rate  of  rainfalT,  location  of 
river  mouths,  the  direction  and  velocity  of  air  currents,  and  the 
strength  and  direction  of  tidal  currents.  The  interplay  of  all  these 
and  of  various  other  factors  will  doubtiess  result  in  building  on 
parts  of  the  continental  shelf  deposits  of  great  thickness  and  very 
considerable  extent.  Over  other  extensive  areas  nothing  at  all 
will  be  left  by  the  ocean  currents,  and  scour  may  result.  The 
general  result  may  be  an  irregularity  of  deposition  as  great  as  that 
which  characterizes  wind-blown  deposits. 

The  comparatively  small  volume  of  elastics  which  an  arid  region 
like  western  Australia  could  furnish  to  its  extended  littoral  zone 
would  result  in  a  minimum  rate  of  deposition  which  would  probably 
be  much  lower  than  that  of  any  other  continental  coast  line.  This 
vast  region  which  is  essentially  a  desert  coast  line  of  about  3,500 
miles  has  not  a  single  river  of  any  size.  The  so-called  rivers 
are  mostiy  insignificant  streams  many  of  which  are  nearly  dry 
unless  during  the  rainy  season.^ 

'Pilsbury,  "The  Gulf  Stream;  Methods  of  the  Investigations  and  Results  of  the 
Research/'  RepL  US.  Coast  and  Geol,  Survey  (1890),  Appendix  10,  p.  570. 

'Henry  M.  Cadell,  ''Some  Geological  Features  of  the  Coast  of  Western 
Australia/'  Edinburgh  GeoL  Soc.  Trans,,  VIII  (1899),  174. 
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If  with  the  littoral  zone  of  western  Australia  such  an  area  as 
the  Bay  of  Bengal  is  contrasted,  the  enormous  difference  in  the 
volume  of  clastic  sediments  which  comes  to  rest  on  different  parts 
of  the  sea  bottom  is  clearly  seen.  The  upper  part  of  the  Bay  of 
Bengal  receives  the  drainage  from  the  southern  slopes  of  the  Hima- 
laya Moimtains  where  in  places  the  rainfall  amounts  to  472  inches 
or  nearly  40  feet  per  annum.* 

RSle  of  vegetation  in  estuaries. — Closely  related  to  the  relative 
aridity  of  the  sea  coast  in  different  parts  of  the  world  is  the  variable 
rate  at  which  sedimentation  on  different  coasts  transforms  shallow 
estuaries  into  marshes  and  eventually  into  dry  land.  When 
sedimentation  has  developed  to  the  s.tage  of  shifting  sand  banks 
in  an  estuary,  vegetation  becomes  the  chief  factor  in  fixing  these 
and  in  extending  land  conditions.  In  an  arid  climate  the  virtual 
absence  of  this  factor  may  cause  the  last  stages  of  filling  to  proceed 
with  extreme  slowness  while  in  a  moist  climate  they  will  develop 
with  relative  rapidity.  The  r61e  of  vegetation  as  a  factor  in  late 
stages  of  sedimentation  is  well  iUustrated  in  Professor  Oliver'^ 
study  of  the  plant  life  of  a  salt  marsh  in  Brittany  called  the  Bouche 
d'Erquy. 

Sand  litters  the  beach,  and  in  part  is  blown  by  the  winds  to  form  the 
barrier  of  sand  dunes.  Another  part  is  brought  into  the  estuary  and  is  driven 
hither  and  thither  by  every  tide.  So  restless  are  the  shifting  sands  in  the  lower 
part  of  the  estuary  that  plants  cannot  gain  a  footing,  though  seed  be  scattered 
far  and  wide.  Higher  up  as  we  saw  stability  has  been  reached,  and  the  ground 
is  held  by  a  turi  of  halophytes,  and  half  way  up  the  estuary  where  the  bare  and 
covered  parts  adjoin,  the  restless  sands  are  tamed  and  bound.  The  transition 
from  the  fixed  marsh  to  the  mobile  sand  is  a  gradual  one.  The  continuous 
carpet  of  the  former  gives  place  to  scattered  hummocks  or  tussocks  of  Ohione 
portulacoides  and  the  perennial  Salicarnia  radicans.  Beyond  this  the  Obione 
dies  out  and  the  Salicomia  radicans  carries  on  its  colonizing  work  alone.  This 
it  does  by  throwing  out  each  year  its  seeds  which  germinate  on  the  treacherous 

sand In  some  places  the  pioneers  are  advancing  at  a  rate  of  10  feet 

a  year,  elsewhere  less  rapidly;  whilst  in  spots  where  the  sand  is  very  mobile 
they  seem  perfectly  stationary  but  the  local  conditions  are  always  changing 
and  the  most  unpromising  surroundings  may  give  place  at  any  time  to  such 
as  favour  a  rapid  advance.  A  rough  estimate  based  on  the  rate  of  progress 
noted  during  the  last  three  years  and  on  the  assimiption  that  this  rate  will 

>  G.  T.  Bonney,  The  Structure  of  the  Earth,  p.  40. 
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not  be  checked  would  indicate  that  two  hundred  to  two  hundred  and  fifty 
years  must  elapse  before  the  whole  estuary  is  carpeted  with  halophjrtes.' 

Periodic  andcaladysmic  variations, — Variations  in  sedimentation 
which  correlate  with  a  time  factor  may  be  referred  to  two  classes: 
(i)  periodic  or  seasonq.1,  and  (2)  those  without  any  definite  period 
of  recurrence  which  may  be  termed  cataclysmic.  To  the  first 
class  belong  the  differences  in  the  quantity  of  sediment  which  is 
deposited  on  a  delta  front  during  the  spring  flood  period  and  the 
winter  season.  Such  differences  may  be  recorded  in  banding  or 
lamination  similar  to  those  which  Sayles'  has  interpreted  as  of 
seasonal  origin  in  certain  aqueoglacial  deposits.  To  the  catacljrsmic 
order  of  variability  belong  the  profound  alterations  in  coast  lines 
and  in  shifting  of  the  sediments  near  them  which  result  from 
phenomenal  tides,  great  storms,  and  tidal  waves.  The  Bay  of 
Fundy  has  furnished  a  good  example  of  tides  of  extraordinary 
height  in  the  Saxby  tide,  which  accompanied  the  heavy  Saxby 
gale  of  October  5, 1869.^  The  destruction  of  the  city  of  Galveston 
a;  few  years  ago,  resulting  from  the  piling  up  of  sea  water  on  a  low 
shore  by  a  great  storm,  illustrates  well  the  profoundly  destructive 
character  of  storms  of  maximum  intensity  which  may  recur  only 
at  intervals  of  one  or  more  centuries.  The  folklore  of  many  races 
affords  evidences  of  such  phenomenal  disturbances  in  the  normal 
relations  of  land  and  sea  in  the  form  of  legends  regarding  a  uni- 
versal deluge. 

The  rise  of  the  sea  to  an  unusual  height  resulting  from  tempests 
of  exceptional  violence  over  low-lying  lands  which  occurs  at  widely 
separated  intervals  along  some  coasts  has  frequently  residted  in 
sudden  and  most  comprehensive  alterations  of  the  physical  geog- 
raphy. The  piling  up  of  the  water  of  the  North  Sea  on  the  north 
coast  of  HoUand  has  repeatedly  resulted  in  submergence  and  great 
disaster  to  extensive  areas  in  Holland  within  the  historical  period. 
It  is  estimated  that  2,336  square  miles^  have  been  swallowed  by  the 

'  F.  W.  Oliver,  ''An  Experiment  in  Co-operative  Fieldwork  in  Botany/'  The 
Southeastern  Naturalist  (England,  1907),  p.  41. 

'  R.  W.  Sayles,  "Seasonal  Deposition  in  Aqueoglacial  Sediments,"  Mem.  Mus, 
Comp.  ZodL,  XLVn  (1919),  1-63,  pb.  1-16. 

i  Robert  Chalmers,  Can.  Geol.  Surv,  Ann.  Kept.,  VoL  7,  n.s.,  1894  (1896).* 

*  £.  Reclus,  The  Earth  and  Its  Inhabitants,  HI,  462. 
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sea  in  Holland  since  the  thirteenth  century.  One  of  the  most 
remarkable  of  these  changes  produced  the  Zuyder  Zee.  In  the 
thirteenth  century 

the  low  lands  along  the  Vlie,  often  threatened,  at  last  sank  in  the  waves.  The 
German  Ocean  rolled  in  upon  the  inland  lake  of  Flevo.  The  stormy  Zuyder 
Zee  began  its  existence  by  engulfing  thousands  of  Frisian  villages,  with  all 
their  population  and  by  spreading  a  chasm  between  kindred  peoples.' 

The  political  as  well  as  the  geographical  continuity  of  the  land  was 
obliterated  by  this  tremendous  deluge.  Another  of  these  great 
inundations  occurred  in  1570. 

A  continued  and  violent  gale  from  the  northwest  had  long  been  sweeping 
the  Atlantic  waters  into  the  North  Sea,  and  had  now  piled  them  upon  the 
fragile  coasts  of  the  provinces.  The  dykes,  tasked  beyond  their  strength, 
burst  in  every  direction.  The  dties  of  Flanders  to  a  considerable  distance 
inland  were  suddenly  invaded  by  the  witters  of  the  ocean.' 

ORGANIC  AND  BIOCHEMICAL  DEPOSITS 

Limestone  of  biochemical  origin, — ^In  the  case  of  non-clastic 
sediments  variability  in  the  rate  of  accumulation  in  different 
areas  is  probably  as  pronounced  as  it  is  in  clastic  sediments. 
There  is  little  available  data  concerning  the  rate  at  which  limestone 
sediments  accumulate.  But  it  is  probable  that  a  seasonal  factor 
may  become  recognizable.  The  formation  of  Kmestones  of  bio- 
chemical origin  is  confined  to  rather  definite  geographical  areas. 
Although  sea  water  generally  contains  about  2,000,000  tons  of 
calcium  to  the  cubic  mile^  it  is  being  extracted  and  built  into  rock 
formations  within  the  confines  of  the  tropics  and  subtropics  in  far 
greater  quantities  than  elsewhere.  The  'development  of  coral 
reefs,  the  formation  of  calcareous  deposits  by  denitrifying  bacteria 
and  the  lithification  of  shore  deposits  are  the  principal  elements 
in  the  inequality  of  the  distribution  of  calcareous  sediments.  The 
limitation  of  the  action  of  each  of  these  agencies  to  wide  belts  on 

*  J.  L.  Motley,  The  Rise  of  the  Dukh  Republic,  Historical  Introduction  VI, 
Vol.  I,  p.  35  (London,  1913). 

« Op.  cU.,  VoL  II,  Part  III,  chap,  v,  pp.  285-87. 

i  John  Munay,  Nature,  XXXDC  (1889),  426. 
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either  side  of  the  equator  strongly  tends  to  confine  the  formation 
of  considerable  deposits  of  limestone  to  the  tropical  and  subtropical 
seas. 

Much  has  been  accomplished  in  recent  years  toward  delimiting 
the  factors  responsible  for  the  areal  limitations  on  limestone  for- 
mations. The  more  recent  work  which  has  been  done  on  the  bio- 
chemical factors  chiefly  concerned  in  the  formation  of  limestone 
has  been  summarized  by  Vaughan.' 

In  the  Florida-Bahama  region  occur  vast  areas  of  chalky 
mud.  These  give  place  to  non-calcareous  sediments  farther  north. 
Dr.  Vaughan's  work  on  the  Florida  coast  has  shown  that  the 
bottom  deposits  now  forming  inside  the  Florida  Keys  varies  from 
quartz  sand  to  nearly  pure  calcareous  ooze.    He  writes: 

Silica  is  abundant  in  the  form  of  sand  in  the  northern  portion  of  Biscayne 
Bay,  it  becomes  rarer  toward  the  southwest  and  is  present  in  small  quantities 
as  far  as  Big  Pine  Key.  Toward  the  southwest  as  the  silidous  material  becomes 
rarer,  caldiun  carbonate  becomes  progressively  more  abimdant,  occurring 
as  a  floccident  sediment  or  ooze  over  practically  the  entire  region  from  the  lower 
portion  of  Biscayne  Bay  to  the  Gulf  end  of  Florida  Bay.' 

The  important  discovery  by  the  late  Dr.  G.  H.  Drew^  of  the 
part  played  by  marine  bacteria  in  producing  chemical  conditions 
favorable  to  the  precipitation  of  calcium  carbonate  gave  the  first 
clue  to  the  mode  of  origin  of  these  incipient  limestones  of  the  Florida 
Keys.  The  environment  considered  especially  favorable  for  these 
denitrifying  bacteria  includes  a  tropical  or  subtropical  climate  with 
"drainage  into  the  sea  of  a  well-wooded  country  composed  of  cal- 
careous rock  and  the  soluble  organic  calcium  salts  would  be  pre- 
cipitated as  calcium  carbonate  by  the  action  of  the  bacteria.  "< 

Carol  reefs, — The  contribution  of  corals  to  limestone  formation 
is  made  chiefly  in  the  form  of  fringing  reefs  some  of  which,  like  the 
Great  Barrier  reef  of  Australia,  are  several  himdred  miles  in  length. 

«T.  W.  Vaughan,  "Chemical  and  Organic  Deposits  of  the  Sea,"  Bull.  Gtol, 
Soc,  Amer.^  XXVIII  (191 7),  933-44. 

'T.  W.  Vaughan,  "A  Contribution  to  the  Geological  History  of  the  Floridan 
Plateau,"  Carnegie  Inst,  of  Washington ^  Pub,  zjj  (1910),  p.  119. 

i  G.  H.  Drew,  Year  Book  Carnegie  Inst,  No.  10  (191 1),  p.  125. 

*  Ibid,,  p.  139. 
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They  occur  also  in  detached  masses  called  chapeiroes  on  the  coast 
of  Brazil  which  Hartt  described  as  follows: 

Corals  grow  over  the  bottom  in  small  patches  in  the  open  sea,  and  without 
spreading  much  often  rise  to  a  height  of  forty  to  fifty  or  more  feet  like  towers, 
and  sometimes  attain  a  level  of  low  water,  forming  what  are  called  on  the  Brazil- 
ian coast  chapeiroes.  At  the  top  these  are  usually  very  irregular  and  sometimes 
spread  out  like  mushrooms,  or  as  the  fishermen  say  like  umbrellas.  Some  of 
these  chapeiroes  are  only  a  few  feet  in  diameter.' 

Liikification. — ^Lithification  of  unconsolidated  materials  is  a 
potent  factor  in  permanently  fixing  on  the  seashore  and  bottom 
deposits  of  shifting  sands,  gravel,  and  other  materials.  Lithifi- 
cation  of  loose  sediments  by  the  deposition  of  CaaCoj  is  subject 
in  a  general  way  to  latitude  control.  On  the  Atlantic  coasts  it 
is  a  relatively  imimportant  factor  north  of  Florida  on  the  American 
side  and  is  seldom  reported  north  of  France  on  the  European 
coast.  The  action  of  this  factor  on  the  coasts  where  it  is  common 
and  important  is  highly  irregular  and  as  yet  imperfectly  understood. 
On  the  northeast  coast  of  Brazil  it  has  produced  the  curious 
wall-like  reefs  bordering  the  shoreline  which  have  been  described 
in  detail  by  Braimer.^  Similar  structures  occur  in  the  Levant 
which  have  been  described  by  Lartel,^  Hull/  and  others.  Beaufort^ 
shows  that  the  ancient  port  of  Pompeiopolis  in  Asia  Minor  has 
been  filled  with  dune  sands  which  have  become  solidified  on  the 
beach  of  the  port.  This  case,  Branner  notes,  shows  that  the  lithi- 
fication  has  occurred  within  historical  times. 

At  the  island  of  Ascension  Darwin  found  on  the  sea  beaches 
immense  accumulations  of  small  well-rounded  particles  of  shells 
and  corals.  At  the  depth  of  a  few  feet  these  were  foimd  cemented 
together  into  stone.    These  calcareous  masses  had  been  under 

«  C.  F.  Hartt,  Geology  and  Physical  Geography  of  Brazil  (Boston,  1870),  pp. 
174-200. 

»  J.  C.  Branner,  "The  Stone  Reefs  of  Brazil,"  Bull.  Mus.  Comp.  Zo6l,,  XLIV 
(1904),  1-285,  pis.  1-83C. 

J  L.  Lartel,  ExploraUon  giologique  de  la  Mer  Morte  de  la  Palestine  (Paris,  1887), 
p.  199- 

4  Edward  Hull,  Mount  Seir,  Sinai ^  and  Western  Palestine  (London,  1889),  p.  148. 

s  Francis  Beaufort,  Karamania  or  a  Brief  Description  of  the  South  Coast  of  Asia 
Minor  (2d  ed.;  London,  1818),  p.  249. 
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the  observation  of  Lieutenant  Evans  for  six  years,  who  reported 
that  there  was  an  annual  addition  to  them  sometimes  amounting 
to  half  an  inch  in  thickness  which  began  to  deposit  in  October 
with  the  change  in  direction  of  the  prevailing  currents  and  which 
was  later  in  the  year  in  part  re-dissolved  by  the  waves/  This 
resolution  of  the  calcium  carbonate  clearly  indicates  a  seasonal 
factor  in  the  formations  of  some  limestones,  deposition  proceeding 
during  only  a  portion  of  the  year. 

Variability  of  the  MoUuscan  contribution. — The  relative  abun- 
dance of  marine  life  on  different  parts  of  the  sea  bottom  must  be 
an  important  factor  in  the  variation  in  rate  of  limestone  acctunu- 
lation  in  different  areas.  The  general  tendency  of  animal  life  to 
flourish  best  in  shallow  water  is  a  well  established  fact.  "Verj" 
many  observations  point  to  the  conclusion  that  the  density  of 
life,  both  fishes  and  invertebrates,  is  greater  on  the  sea  bottom  in 
close  proximity  to  the  land  than  in  deeper  waters  farther  out  to 
sea.  It  is  in  such  inshore  waters  that  one  finds  the  greatest 
wealth  of  animal  life.'"  On  the  beach  itself  certain  forms  of 
marine  life  flourish  in  extraordinary  abundance.  At  Fleshmick  on 
the  Isle  of  Man  2,940  individuals  of  Balanaus  balanoides  have 
been  counted  on  one  square  foot  of  sea  shore.^ 

In  fresh-water  lakes  molluscan  life  is  practically  limited  to 
depths  less  than  25  feet.  Although  a  few  fresh-water  species 
have  a  bathymetric  range  much  greater  than  this  the  contribution 
of  such  species  to  the  calcareous  element  of  lacustrine  sediments  is 
almost  negligible.  The  bathymetric  limitations  of  marine  faunas 
are  less  abruptly  drawn  than  those  of  fresh-water  molluscan 
faunas,  but  they  tend  in  the  same  direction,  viz.,  toward  a  decrease 
in  the  amount  of  bottom  life  in  deep  water.  It  is  evident  from  these 
facts  that  the  molluscan  contribution  to  limestone  sediments  would 
be  largest  along  the  inshore  margin  of  the  littoral  zone.  The  sea- 
ward decrease  seems  to  be  somewhat  irregular.    This  contribution 

'  Charles  Darwin,  Geol,  Observations  (1851},  p.  49. 

*  James  Johnson,  Conditions  of  Life  in  the  Sea,  A  Short  Account  of  Quantitative 
Marine  Biological  Research  (1908),  p.  176. 

<  Catherine  Maynie,  "Marine  Biology  at  Port  Erin,"  J2d  Ann.  Rept,  (19 18), 
p.  12. 
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is  very  considerable  and  varies  greatly  along  different  parts  of  the 
shore  line.  In  one  area  a  mussel  bed  may  have  a  population  of 
16,000  molluscs  to  every  square  foot/  Another  area  may  be  prac- 
tically barren  of  animal  life.  These  barren  areas  occur  in  the 
tropics  as  w^U  as  elsewhere.  Dr.  Fred  C.  Baker*  has  called  the 
writer's  attention  to  a  portion  of  the  northeast  coast  of  Brazil 
where  molluscan  life  is  extremely  scarce. 

The  data  which  has  been  recorded  in  connection  with  oyster 
culture  is  instructive  in  connection  with  any  consideration  of  the 
part  which  marine  molluscs  play  in  furnishing  material  for  lime- 
stones. It  is  reported^  that  the  oyster  when  introduced  into  a 
Louisiana  area  where  it  had  been  previously  unknown  yielded 
1,500  to  2,000  bushels  per  acre  in  two  years.  In  this  particular 
case  the  shells  of  a  single  mollusc  contributed  an  annual  average 
thickness  of  about  4  inches  of  calcareous  material  over  the  whole 
of  the  bottom  on  which  they  lived.  These  figures  will  serve  to 
illustrate  the  very  different  rates  at  which  marine  shells  contribute 
to  the  materials  for  limestone  formation.  Along  those  parts  of 
a  coast  where  large  prolific  species  like  the  oyster  are  dominant  the 
calcareous  element  of  the  sediments  must  increase  much  more 
rapidly  than  where  less  prolific  and  smaller  species  make  up  the 
fauna. 

An  important  factor  in  the  accumulation  of  marine  shells 
in  any  given  area  is  the  delicate  adjustment  to  a  particular  kind  of 
bottom  environment  which  characterizes  most  marine  molluscs. 
The  way  in  which  this  adjustment  would  operate  with  the  sand- 
loving  cockle  of  the  English  coast  has  been  aptly  pointed  out  by 
Hunt. 

Were  the  supply  of  sand  in  Torbay  to  be  cut  off,  another  common  feature 
in  geology  might  meet  with  an  illustration,  viz.,  the  sharply  defined  zone  in 
which  fossils  frequently  occur.  Were  such  supply  to  be  cut  off  (and  from  the 
isolated  patches  of  red  sandstones  that  skirt  the  bay  we  see  how  much  less  it 
already  is  than  it  has  been  in  past  time)  the  sand-loving  cockles  could  not 
fail  to  be  affected,  and  might  even  become  extinct  in  this  locality  at  a  very 
rapid  rate.< 

'James  Johnson,  op.  ciL  *  Letter,  June  12,  191 2. 

*  Hu^  M.  Smith,  National  Geographic  Magazine,  XXIV  (1913),  267. 
4  A.  R.  Hunt,  "Notes  on  Torbay,"  Rep,  and  Trans,  Devonshire  Association  for 
the  Advancement  of  Science,  IMerature,  and  Art,  X  (1878),  186-87. 
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Bone  beds, — ^A  considerable  portion  of  the  fossil  remains  of 
vertebrate  animals  are  found  in  "bone  beds." 

The  term  "bone  bed''  is  in  itself  evidence  of  the  tendency  of 
vertebrate-fossil  remains  to  accimiulate  in  certain  restricted  zones 
and  areas.  Bone  beds  occur  in  each  of  the  geological  systems 
from  the  Devonian  up.  Even  the  few  vertebrate  remains  which 
are  known  from  the  Ordovidan  may  almost  be  said  to  represent  a 
bone  bed  because  of  their  abimdance  in  a  single  zone.  The  Middle 
Devonian  bone  bed  which  forms  the  top  of  the  Columbus  limestone 
in  Central  Ohio  is  a  representative  Paleozoic  deposit  of  this  type. 
It  has  a  thickness  of  6  or  8  inches  and  consists  of  an  "assemblage 
of  millions  on  millions  of  generally  imperfect  but  mostly  recog- 
nizable organs  or  fragments  of  the  bony  structure  of  the  forms  of 
fish  life  most  characteristic  of  the  Devonian  age."*  This  bed 
according  to  Stauffer"  can  be  traced  across  the  northern  half  of 
the  state. 

In  the  Upper  Devonian  shales  of  northern  Pennsylvania  occur 
numerous  bone  beds  comp>osed  of  the  fragments  of  Catskill  fishes. 
These  beds  of  fish  fragments  are  apt  to  vary  from  a  few  inches 
to  a  few  feet  in  thickness  and  generally  lie  in  the  midst  of  beds  which 
are  barren. 

The  veteran  collector  C.  H.  Sternberg,  who  has  probably 
collected  more  vertebrate  fossils  than  any  other  living  man,  appears 
to  have  found  the  great  majority  of  his  fossils  in  bone  beds.  He 
states  that 

all  through  the  Belly  River  series  of  rocks  are  bone  beds.  In  some  places  I 
secured  hundreds,  yes  thousands  of  bones  and  teeth  of  many  species,  as  well 
as  shields  of  sturgeons  and  the  enameled  scales  of  gar-pikes  as  perfect  as  if 
picked  up  along  a  recent  lake  shore.  There  were  also  bones  and  shells  of  a 
great  variety  of  soft  shelled  turtles  and  others,  with  beautifully  sculptured 
shells;  they  range  in  size  from  less  than  six  inches  across  to  over  two  feet. 
Crocodile  bones  and  the  dermal  or  skin  plates  of  plated  dinosaurs  were  common. 
We  secured  hundreds  of  the  pavement  teeth  of  the  ray  Cope  called  MyUdaphus, 
also  countless  vertebrae  of  the  reptile  ChampsosaurusA 

« J.  S.  Newberry,  Monog.  US.  Geol,  Surv.,  XVI  (1889),  30. 
«  C.  R.  Stauffer,  Geol.  Surv.  of  Ohio  Bull.  10  (1909),  p.  26. 
»  C.  H.  Sternberg,  Hunting  Dinosaurs  (191 7),  p.  84. 
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C.  M.  Sternberg  states  that  he  knows  of  "no  less  than  7  bone 
beds  in  which  only  horned  dinosaurs  are  represented."'  Bone 
beds  are  frequently  referred  to  in  paleontological  papers  as 
"quarries."  Concerning  some  of  these  quarries  in  Alberta 
Barnum  Brown  writes  as  follows: 

Frequently  remains  of  many  Trachodonts  are  found  massed  together  in 
quarries,  probably  as  a  result  of  water  actioA,  in  the  Belly  River  and  in  the 
Edmonton  strata,  and  there  are  two  records  of  such  occurrence  in  the  Lance. 
In  such  quarries  it  is  not  exceptional  to  find  Trachodonts^  carnivorous  dino- 
saurs, Ceratopsia  and  other  remains  commingled,  although  Trachodonts 
usually  predominate.' 

Various  explanations  have  been  offered  for  these  aggregations 
of  vertebrate  remains,  each  of  which  is  probably  applicable 
to  certain  cases.  Suffocation  and  burial  by  sand  storms  of  the 
**  frightened  multitudes  which  had  herded  together  in  search  of 
safety  or  courage"  is  a  hypothesis  offered  by  C.  H.  Sternberg.* 
Land  vertebrates  living  in  a  wide  alluvial  plain  might  be  periodi- 
cally surrounded  and  herded  together  and  drowned  on  the  highest 
parts  of  an  exte^ve  area.  In  some  instances  prairie  or  forest 
fires  may  have  been  the  compelling  force  which  drove  multitudes  of 
land  vertebrates  into  lakes  and  rivers.  The  fondness  of  most 
mammals  for  salt  leads  them,  as  is  well  known,  to  visit  saline 
springs,  and  where  these  springs  are  in  the  nudst  of  boggy  ground 
may  result  in  such  aggregations  of  bones  as  those  of  the  famous 
Bone  Lick  of  Kentucky.  Sir  Charles  Lyell^  suggested  still  another 
way  in  which  great  numbers  of  large  vertebrates  may  sometimes 
be  drowned  in  lakes  and  rivers.  He  states  that  "It  is  well  known 
that,  during  great  droughts  in  the  Pampas  of  South  America,  the 
horses,  cattle,  and  deer  throng  to  the  rivers  in  such  numbers  that 
the  foremost  of  the  crowd  are  pushed  into  the  stream  by  the  pressure 
of  others  behind  and  are  sometimes  carried  away  by  thousands 
and  drowned. " 

'  Letter  to  the  writer,  January  7, 1919. 

» BuU,  Amer.  Mus,  Nat,  Hist.,  XXXVH  (1917),  Art.  X,  pp.  282-84. 
1  Sternberg,  Life  of  a  Fossil  Hunter  (1909),  p.  132. 

4  Sir  Charles  Lyell,  Travels  in  North  America  in  the  Years  1841  and  1842,  pp. 
141-42. 
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Charles  Darwin  described  a  very  curious  habit  of  the  guanaco 
or  Uama  of  South  America  which  if  shared  by  many  of  the  extinct 
vertebrates  may  help  to  explain  some  of  the  bone  beds  of  the 
Cretaceous  and  other  rocks. 

The  guanacos  appear  to  have  favorite  spots  for  lying  down  to  die.  Qn 
the  banks  of  the  St.  Cruz  in  certain  circumscribed  spaces,  which  were  generally 
bushy  and  all  near  the  river,  the  ground  was  actually  white  with  bones.  On 
one  such  spot  I  counted  between  ten  and  twenty  heads.  I  particularly 
examined  the  bones;  they  did  not  appear  as  some  scattered  ones  which  I 
had  seen  gnawed  or  broken  as  if  dragged  together  by  beasts  of  prey.  The 
animals  in  most  cases  must  have  crawled,  before  dying,  beneath  and  amongst 
the  bushes.  Mr.  Bynoe  informs  me  that  during  a  former  voyage  he  observed 
the  same  circumstance  on  the  banks  of  the  Rio  Gallegos.  I  do  not  at  aU 
imderstand  the  reason  for  this  but  I  may  observe  that  the  wounded  guanacos 
at  the  St.  Cruz  invariably  walked  towards  the  river.  At  St.  Jago  in  the  Cape 
de  Verd  Island,  I  remember  having  seen  in  a  ravine  a  retired  comer  covered 
with  bones  of  the  goat;  we  at  the  time  exclaimed  that  it  was  the  burial  ground 
of  all  the  goats  in  the  island.' 

The  periodic  migration  habit  which  characterizes  many  species 
of  vertebrate  animals  tends  strongly  toward  a  highly  irregular 
and  localized  distribution  of  their  fossil  remains.  The  migrating 
instinct  which  is  remarkably  developed  in  the  majority  of  the  birds 
of  the  temperate  zone,  in  many  species  of  fishes  and  in  some  of  the 
mammals  results  in  the  great  bulk  of  the  species  concerned  dying  in 
either  its  summer  or  winter  habitat  or  in  some  especially  hazardous 
portion  of  its  semiannual  journey.  This  habit  is  typically 
developed  in  the  caribou  of  northwest  Canada.  The  summer 
range  and  breeding  ground  of  this  deer  lies  several  hundred  miles 
to  the  north  of  its  winter  habitat.  The  number  of  individuals 
which  move  south  each  autumn  from  the  Arctic  barrens  to  the 
forested  lake  region  of  north  central  Canada  nimibers  hundreds  of 
thousands  if  not  millions  of  individuals.'  The  bulk  of  the  herds 
follow  certain  well-defined  routes  and  generally  cross  certain  east  to 
west  trending  lakes  at  certain  points.  If  we^consider  the  thousands 
of  years  that  this  movement  has  been  going  on  and  the  frequent 
casualties  which  have  probably  occurred  in  crossing  on  the  new 

*  Charles  Darwin,  The  Voyage  of  the  Beagle,  p.  173. 

'  £.  M.  Kindle,  "A  Note  on  the  Migration  of  Uie  Barren  Ground  Caribou," 
Ottawa  Naturalist,  XXXI  (191 7),  107-9. 
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autxinm  ice  at  points  like  Fond  du  Lac  and  Fort  Rae  on  Great 
Slave  Lake,  we  will  see  how  at  certain  such  points  in  the  lakes 
and  in  the  bogs  which  lay  near  the  routes  of  migration  the  bodies 
of  numberless  caribou  may  have  been  entombed  while  other  lakes 
and  bogs  remote  from  the  north  and  south  routes  of  migration 
might  be  entirely  free  from  such  remains. 

Some  species  of  animals  which  do  not  possess  the  seasonal 
migration  instinct  are  subject  to  waves  of  migration  which  recur 
at  irregular  intervals  often  separated  by  two  or  more  decades. 
Such  waves  appear  to  be  caused  by  an  excessive  increase  in  the 
numbers  of  a  species  within  its  normal  habitat.  The  rapid-breed- 
ing Siberian  lemming  is  subject  to  these  migration  waves.  Dr. 
Brehm'  vividly  describes  the  way  in  which  impending  famine 
starts  an  exodus  from  an  overpopulated  tundra. 

Famine  threatens,  perhaps  actually  sets  in.  The  anxious  animals  crowd 
together  and  begin  their  march,  hundreds  join  with  hundreds,  thousands  with 
other  thousands,  the  troops  become  swarms,  the  swamis  armies.  They 
travel  in  a  definite  direction  at  first  following  old  tracks,  but  soon  striking  out 
new  ones;  in  unending  files — defying  all  computation — they  hasten  onwards; 
over  the  cliffs  they  plunge  into  the  water.  Thousands  fall  victims  to  want 
and  hunger;  the  army  behind  streams  on  over  their  corpses;  hundreds  of 
thousands  are  drownied  in  the  water  or  are  shattered  at  the  foot  of  the  cliffs; 
the  remainder  speed  on;  other  hundreds  and  thousands  fall  victims  to  the 
voradty  of  Arctic  and  red  foxes,  wolves  and  gluttons,  rough-legged  buzzards 
and  ravens,  owls  and  skuas  which  have  foUowed  them;  the  survivors  pay  no 
heed.' 

The  famine  crazed  hordes  of  migrating  individuals  which  may 
result  when  a  species  greatly  outbreeds  the  food  possibilities  of 
its  habitat  have  probably  furnished  important  contributions  to  the 
fossil  bone  beds  of  previous  epochs  as  they  are  doing  to  those  of 
the  present. 

Phenomenal  increase  in  the  animalcule  life  of  fresh  and  salt 
water  sometimes  results  in  the  pollution  of  the  water  and  destruction 
of  all  the  life  in  it.  The  oldest  recorded  example  of  this  kind  is 
probably  the  biblical  one  of  the  Egyptian  plagues  when  the  water 
of  the  Nile  was  as  it  were  "turned  to  blood  and  all  the  fish  died.  "^ 

'  A.  £.  Bzefam,  From  the  North  Pole  to  the  Equator,  p.  79. 

'  R.  F.  Scfaazff,  The  History  of  the  European  Fauna  (1899),  pp.  139-40. 

1  Exodus  7:20,  21. 
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The  extraordinary  abundance  of  flagellate  animalcules  is  re- 
ported* to  have  caused  red  water  for  200  miles  along  the  coast  of 
California  and  produced  by  their  decomposition  the  death  of  shoals 
of  fish  and  quantities  of  other  marine  animak.  Phenomena  of 
this  kind  must  cause  the  sudden  deposition  on  the  sea  bottom 
of  unusual  and  extraordinary  quantities  of  the  remains  of  pelagic 
life  of  various  kinds.  If  great  numbers  of  fishes  or  other  verte- 
brate animals  were  aflFected  a  bone  bed  might  result. 

Displacement  of  ocean  currents. — Still  another  cause  of  dis- 
continuity in  the  accumulation  of  marine  fossils  over  extensive 
areas  is  to  be  found  in  the  occasional  shifting  or  displacement  of 
ocean  currents  from  parts  of  their  usual  routes  by  great  storms. 
Professor  Verrill  encoimtered  a  striking  example  of  this  class  of 
phenomena  several  years  ago  while  dredging  under  the  edge  of  the 
Gulf  Stream,  southeast  of  Long  Island. 

One  of  the  most  peculiar  facts  connected  with  our  dredging  this  season 
was  the  scarcity  or  total  absence  of  many  of  the  species  especially  of 
Crustacea f  that  were  taken  in  the  two  previous  seasons,  in  essentially  the  same 

localities  and  depths  in  vast  numbers — several  thousands  at  a  time 

An  attempt  to  catch  the  ''tile-fish"  (Lopholatilus)  by  means  of  a  long  trawl- 
line  on  essentially  the  same  ground  where  eighty  were  caught  on  one  occasion 
last  year,  resulted  in  a  total  failure  this  year.  It  is  probable,  therefore,  that 
the  finding  of  vast  numbers  of  dead  tile-fishes  floating  at  the  surface  in  this 
region  last  winter,  as  was  reported  by  many  vessels,  was  connected  with  a 
wholesale  destruction  of  the  life  at  the  bottom,  along  the  shallower  part  of 
this  belt  (in  70  to  150  fathoms)  where  the  southern  forms  of  life  and  higher 
temperatures  (48**  to  50')  are  found.  This  great  destruction  of  the  life  was 
probably  caused  by  a  very  severe  storm  that  occurred  in  this  region  at  that 
time,  which  by  agitating  the  bottom-water  forced  outward  the  very  cold  water 
that  even  in  summer  occupies  the  great  area  of  shallower  sea  in  less  than  60 
fathoms  along  the  coast,  and  thus  caused  a  sudden  lowering  of  the  temperature 
along  this  narrow  warm  zone  where  the  tile-fish  and  the  Crustacea  refeiied  to 
were  formerly  foimd.* 

Barrett  areas. — Certain  areas  in  many  seas  appear  to  remain 
permanently  ahnost  entirely  barren  of  life  though  surroimded  by 
areas  crowded  with  marine  life.    One  of  th<  reasons  for  such  barren 

»  The  Library  of  Natural  History,  HI  (1906),  768. 

"  A.  E.  Verrill,  "Evidence  of  Great  Destruction  of  Life  Last  Winter,"  Awr. 
Jour.  Set,,  XXIV  (1882),  366. 
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areas  in  the  case  of  sandy  bottoms  is  doubtless  the  tendency  of 
sands  to  move  rapidly  under  current  action  and  smother  the  marine 
life  which  attempts  to  Uve  on  them.  Dr.  G.  A.  Huntsman,  who 
has  been  engaged  in  studying  the  conditions  under  which  marine 
animals  live  in  the  Gulf  of  St.  Lawrence  has  directed  attention 
to  another  factor  in  producing  lifeless  zones.    He  states: 

By  means  of  these  traps  we  discovered  that  a  barren  zone  existed  off  the 
Cape  Breton  shore,  comprising  the  part  of  the  sloping  bottom  between  the 
depths  of  10  and  20  fathoms.  In  this  zone  the  temperature  at  the  bottom 
underwent  violent  fluctuations,  often  in  the  course  of  a  day  or  so,  at  one  time 
being  as  high  as  65^  F.,  and  at  another  as  low  as  39^  F.  This  was  caused  by 
the  winds,  for  when  the  wind  was  blowing  on-shore  it  drove  the  surface  water 
against  the  coast  and  h^ped  it  up  forcing  the  deeper  colder  water  down; 
then  when  it  changed  and  blew  off-shore  the  warm  surface  water  was  driven 
away  from  the  coast  and  the  cold  water  welled  up  from  below  to  take  its  place, 
and  so  flooded  the  zone.  The  effect  of  this  on  the  slow  moving  bottom  animals 
may  be  imagined.  Few  of  them  would  be  able  to  stand  such  changes,  but  the 
active  fishes  are  able  to  move  up  and  down  the  slope  and  avoid  these 
changes.' 

Seasonal  variation, — ^Another  factor  in  the  variation  in  the  rate 
of  sedimentation  in  the  sea  is  the  seasonal  factor.  The  annual 
seasonal  changes  in  the  sea  result  in  marked  differences  in  the 
amount  of  organic  materials  deposited  on  the  sea  bottom  during 
different  parts  of  the  year.  The  registration  of  seasonal  changes 
by  banding  in  the  volume  of  clastic  sediments  in  aqueoglacial 
depK>sits  has  been  exhaustively  discussed  by  Sayles.*  Comparable 
with  the  great  contrasts  in  the  volume  of  lacustrine  sediments 
deposited  during  different  parts  of  the  annual  cycle  are  the  different 
amounts  of  organic  materials  which  the  plankton  life  of  the  sea 
showers  on  the  bottom  in  winter  and  in  summer.  It  is  possible 
that  we  may  yet  be  able  to  interpret  some  of  the  fine  lamination 
in  sea-laid  deposits  in  the  predse  terms  of  years.  "In  early  spring 
there  is  a  great  awakening  in  the  oceans  comparable  with  the  grow- 
ing of  the  grass  and  the  budding  of  the  trees  on  land."  This 
awakening  corresponds  to  the  time  when  the  alkalinity  of  the  sea 
is  at  a  maximum. 

■  Canadian  Fisherman^  May,  191 7. 
»  R.  W.  Sayles,  op.  ciL 
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Prof.  Benj.  Moore  discovered  that  the  sea  around  the  Isle  of  Man  was  a 
great  deal  more  alkaline  in  spring  (say  April)  than  it  is  in  summer  (say  July) ; 
and  then  on  examining  monthly  samples  taken  throughout  the  year  he  was  able 
to  show  that  the  alkalinity  which  gets  low  in  summer  increases  somewhat  in 
autumn,  then  decreases  rapidly  during  the  winter,  and  after  several  months  of 
a  minimimi  begins  to  increase  again  in  March,  and  rapidly  rises  to  its  maximum 
in  April.  That  is  the  periodic  change  of  alkalinity  and  it  will  be  seen  to  corre- 
spond roughly  with  certain  very  important  changes  in  the  living  microscopic 
contents  of  the  sea  and  the  connection  between  the  two  may  be  made  out  by 
inquiry  into  the  nature  and  meaning  of  the  changes  in  alkalinity.    The 

alkalinity  of  the  sea  is  due  to  the  relative  absence  of  carbon  dioxide 

We  find  that  at  Port  Erin  in  March  the  water,  not  only  on  the  shore,  but  also 
out  in  the  open  sea,  is  add  to  phenolphthalein,  while  a  month  later  it  is  dis* 
tinctly  alkaline  to  the  same  indicator  and  this  change  signifies  an  enormous 
conversion  of  carbon  in  the  inorganic  into  carbon  in*the  organic  form,  a  turn- 
over of  such  extent  that  it  probably  amounts  to  20,000  or  30,000  tons  of 
carbon  per  cubic  mile  of  sea-water Or  we  may  imagine  this  same  quan- 
tity of  carbon  as  forming  the  bodies  of  all  the  organisms  found  in  the  sea  all 
around  the  shores  of  the  Isle  of  Man,  in  which  case  the  300,000  tons  would 
be  distributed  through  the  zone  of  water  extending  to  about  one  mile  out  from 
the  shore  and  down  to  an  average  depth  at  that  distance  of,  say,  ten  fathoms. 
Now  all  of  these  organisms  have  obtained  their  carbon  from  the  carbon  dioxide 
present  in  the  sea-water  in  spring  and  it  is  absolutely  certain  that  in  the  absence 
of  this  abundant  supply  of  available  carbon-food,  the  millions  and  millions 
or  organisms  in  question  coidd  never  have  existed."  ....  '' Practically  all 
our  food-fishes  in  the  sea,  except  the  herring,  produce  their  eggs  in  winter  or 
early  spring.  They  are  hatching  out  in  va^t  quantities  during  the  time  that 
the  alkalinity  is  rapidly  increasing  and  the  phytoplankton  of  diatoms  is  daily 
growing  in  amount. "'   . 

It  is  evident  that  the  vast  increase  in  the  quantity  of  marine 
life  during  the  spring  and  summer  must  be  registered  in  sea-bottom 
deposition  by  a  corresponding  increase  in  the  amount  of  diatom 
and  other  organic  materials  dropped  on  the  sea  bottom.  We  have 
therefore  throughout  the  seas  of  the  temperate  and  northern  parts 
of  the  earth  annually  a  simmier  period  of  maximum  sedimentation 
following  a  winter  period  of  minimum  sedimentation. 

CONCLUSIONS 

The  evidence  appears  to  be  distinctly  against  uniformity  in 
sedimentation.    Biologists  in  recent  years  have  generally  accepted 

« W.  A.  Herdman,  "Some  Periodic  Changes  in  Nature,"  32dAHn.  Kept,  Liverpool 
Marine  Biology  CommiUee  (191 8),  pp.  23,  24,  and  27. 
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the  relatively  new  conception  of  succession  as  a  process  which 
results  inevitably  from  the  activities  of  each  plant  or  animal 
communit/destroying  by  its  own  activities  the  possibility  of  indefi- 
nitely continued  existence  in  the  same  place.  The  operation  of 
this  and  other  factors,  some  of  which  produce  more  sudden  results, 
tend  inevitably  to  vary  the  rate  and  shift  the  area  of  accimiula- 
tion  of  the  organic  constituents  of  sediments.  In  a  comparable 
manner  sedimentation  sets  its  own  time  limit  on  its  operation  in 
any  given  area.  Alluviation  terminates  automatically  when  the 
deposits  of  a  valley  reach  a  thickness  corresponding  to  the  height 
of  the  maximum  flood  waters  of  the  valley.  Sedimentation 
ceases  in  a  lake  when  the  deposits  approximate  the  lake  surface. 
Although  this  familiar  conception  of  the  self  termination  of  terres- 
trial sedimentation  in  fluvial  and  lacustrine  waters  has  been 
generally  recognized  and  applied  to  terrestrial  sediments  it  has  not 
been  extended  to  marine  conditions.  But  its  application  though 
less  obvious  is  almost  equally  justified.  In  foreland  structures 
the  building  of  coarse  deposits  of  sand,  gravel,  and  shingle  is  limited 
vertically  by  the  height  to  which  wave  action  reaches.  Horizontally 
the  direction  and  strength  of  currents  are  the  chief  limiting  factors. 
When  these  rather  definite  limits  have  been  reached  by  a  particular 
spit  its  supply  of  sediments  goes  elsewhere. 

In  areas  remote  from  the  shore  line  wave  base  and  current 
action  are  determining  factors  in  sedimentation.  Wave  base 
differs  for  different  classes  of  materials  as  pointed  out  by  BarreU.' 
It  is  deeper  for  fine  than  for  coarse  materials.  Mud  deposits  can 
never  build  to  the  surface  in  the  open  sea  because  of  the  dissipating 
influence  of  the  waves.  Sand  deposits  fed  by  an  abundant  supply 
may,  however,  reach  the  surface.  Whatever  the  upper  limit  of 
a  particular  formation  may  be,  it  will  depend  on  the  interplay  of 
wave  and  current  action,  and  when  reached  the  further  growth 
will  be  lateral  or  else  diverted  to  a  new  area  by  a  shifting  of  the  flow 
of  materials.  Any  adequate  conception  of  marine  sedimentation 
must  include  numerous  great  river-like  currents  some  with  inter- 
mittent activity,  others  periodic,  while  a  few  doubtless  follow 

»Jos.  Barrell,  "Rhythms  and  the  Movement  of  Geologic  Time,"  BuU.  Gtol. 
Soc,  Amer,,  XXVIII  (1917),  778. 
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permanent  routes  in  the  sea  bottom.  Many  of  these  probably 
move  the  finer  sediments  toward  and  over  the  border  of  the  con- 
tinental shelf  as  definitely  as  terrestrial  streams  move  their  sedi- 
ments toward  the  sea. 

Geologists  and  paleontologists  may  learn  much  regarding  the 
rdle  of  marine  currents  from  the  keen  analysis  of  living  faunas 
which  such  investigators  as  Peterson  are  making.  This  author 
who  has  discriminated  and  mapped  several  sharply  contrasted 
bottom  faimas  in  the  Skagerrak  and  Kattegat  finds  that 

The  Moduda  epifauna  occurs  especially  where  there  is  a  strong  current 
close  to  the  bottom,  clearing  away  the  finer  particles  so  that  stones  and  shells 
lie  exposed,  affording  sites  for  attachment  for  the  Moduda,  whi^  may  here 
occur  m  such  nimfibers  as  entirely  to  cover  the  bottom  (see  PL  IX)  for  great 
tracts  in  the  current  channeb.' 

The  inferences  which  we  can  at  present  make  concerning  some 
of  the  conditions  controlling  marine  sedimentation  are  based  on 
such  detached  bits  of  evidence  as  have  been  brought  together 
in  this  paper.  It  js  hoped,  however,  that  it  will  soon  be  possible 
to  base  conclusion  relating  to  such  problems  on  intensive  studies  of 
numerous  selected  areas  of  sea  bottom  in  which  areal  mapping  of 
bottom  deposits  will  be  an  important  feature. 

'C.  G.  Job.  Peterson,  "The  Sea  Bottom  and  Its  Production  of  Fish  Fopd," 
Kept,  Danish  Bid.  Sta.  to  Board  of  Agriculture  (1918),  p.  15. 
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SOME  STRATIGRAPHIC  AND  STRUCTURAL  FEATURES 

OF  THE  PRE-CAMBRIAN  OF  NORTHERN 

QUEBEC 


H.  C.  COOKE 


PART  IV 
DIASTROPHISM 

The  evidence  dted  in  the  preceding  pages  indicates  that  previ- 
ous to  the  end  of  the  period  of  deposition  of  the  Mattagami  series 
no  general  orogenic  movements  took  place  in  this  region,  but  that 
such  movements  as  occurred  were  of  the  gentle,  epeirogenic  type. 
After  the  deposition  of  the  Mattagami  series,  intense  orogenic 
movements  went  on,  which  folded  the  Mattagami  and  Nemenjish 
series  and  the  Abitibi  volcanics  closely,  and  converted  a  large 
proportion  of  them  into  schists.  By  some  writers  this  folding 
has  been  supposed  to  have  accompanied  the  intrusion  of  the  granite, 
and  been  caused  by  the  hydrostatic  pressure  of  the  upwelling 
magma.  Were  this  the  case,  the  remnants  of  the  older  series  should 
have  dominantly  synclinal  or  monoclinal  structures,  and  there 
would  be  no  general  correspondence  between  the  axes  of  the  folds 
of  the  different  remnants.  Such  a  condition  appears  to  obtain  in 
the  Grenville-granite  complex  in  the  Adirondacks,  according  to 
W.  J.  Miller.*  However,  it  does  not  appear  to  be  the  case  through- 
out Ontario  and  Quebec,  where  no  dominantly  synclinal  or  mono- 
clinal structure  exists,  and  where  there  appear  to  be  a  definite 
subparallelism  of  the  axes  of  folding  over  considerable  areas. 

A  tabulation  of  the  areas  which  have  been  discussed,  with  their 
general  structure  and  the  strike  of  their  axes  of  folding  as  nearly 
as  determinable,  is  given  on  page  368. 

The  parallelism  of  the  axes  of  folding  of  the  different,  rather 
widely  separated  areas  is  remarkable.  All,  it  will  be  observed, 
fall  within  between  N.  75**  E.  and  S.  70°  E.    As  the  folds  are 

«W.  J.  Miller,  Joiir.  Geol.,  XXIV  (1916),  587. 
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probably  to  be  considered  only  as  secondary  folds  on  the  flanks  of 
the  large  regional  major  folds,  parallelism  is  not  to  be  expected 
between  them,  as  the  strike  of  the  axes  of  such  secondary  folds  is 
governed  by  the  general  strike  of  the  strata  at  the  point  where  they 
occur.  The  extension  of  data  of  the  foregoing  ty{>e  over  a  large 
region  will  enable  the  nature  of  the  great  regional  folds  to  be  worked 
out;  but  this  cannot  be  done  now,  as  the  area  under  discussion, 
though  large,  is  small  compared  with  the  size  of  the  Labrador 
peninsula. 


Area 


Kenoniska 

Lucky  Strike.. 

Brock 

Opawika 

Father's  Lake. 
Windy  Lake . . 
Nemenjish. . . , 

Eau  Jaune 

Mattagami . . . 
Pontiac 


Structure 


Anticline 

Anticline 

Anticline 

An-Sy-An 

Sync&ne 

Monocline 


Probable  anticline 
Probable  anticline 


Strike  o(  Axis 


s.  7s:e. 

S.  75:  E. 
N.  85'  E. 

N.  7s:e. 

N.  60"  E. 
S.  70**  E. 
N.  So"  E. 
E.-W.  E. 


The  general  parallelism  of  axes  indicates  that  the  regional 
folding  was  not  caused  by  the  hydrostatic  pressures  of  batholithic 
intrusions,  but  by  a  compressive  stress  affecting  large  areas  uni- 
formly; while  the  lack  of  shear  in  the  granites  shows  that  the  fold- 
ing occurred  before  their  intrusion.  This  conclusion  does  not  of 
course  invalidate  the  possibility  that  the  intrusions  followed  the 
folding  very  closely. 

The  folding  may  therefore  be  dated  as  post-Mattagami  and 
pre-batholithic.  It  resulted  in  the  formation  of  close  folds  with  an 
east-west  axial  trend  and  cross  folds  of  a  much  more  open  type. 
The  cross  folding  has  given  a  plimge  of  some  20**  to  the  axes  of  the 
major  folds. 

In  addition  to  the  post-Mattagami  folding  movement,  some 
evidence  exists  that  there  was  an  earlier  folding,  affecting  not  the 
region  under  discussion,  but  that  to  the  south,  the  borders  of  the 
continental  segment,  in  Grenville  time.  This  accompanied  or 
closely  followed  the  intrusion  of  the  earlier  granite,  but  preceded 
the  intrusion  of  the  anorthosite.    In  the  Adirondacks,  Gushing,* 

» Reports  of  the  New  York  State  Museum, 
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Kemp,  and  Smyth  describe  the  Grenville  series  and  older  granite- 
gneiss  as  much  more  metamorphosed  than  the  intrusive  anorthosite, 
a  fact  which  may  indicate  an  early  folding,  but  may  also  be  due  to 
the  greater  competence  of  the  anorthosite  to  resist  the  later  folding. 
The  evidence  is  slight,  but  it  is  very  possibly  the  case  that  the 
marginal  intrusion  of  granite  accompanying  the  uplift  of  the  Gren- 
ville continental  segment  at  the  close  of  Grenville  time  was  accom- 
panied by  marginal  folding  movements.  If  this  is  true,  we  should 
expect  to  find*  in  these  districts  the  equivalents  of  the  Mattagami 
series  resting  with  structural  as  well  as  erosional  unconformity 
on  the  Grenville.  This  seems  to  have  been  the  condition  in  the 
Madoc  district,  where  according  to  Miller  the  Hastings  series,  a 
possible  equivalent  of  the  Mattagami  series,  rests  against  the  up- 
turned edges  of  the  Grenville.* 

GRENVILLE  (  ?)  SEDIMENTS  ON  THE  WEST  SIDE  OF  HUDSON  BAY 

While  no  sediments  that  can  be  definitely  asserted  to  be  of 
Grenville  age  have  as  yet  been  described  to  the  west  of  Hudson 
Bay,  it  is  interesting  to  note  that  there  are  a  number  of  areas  of 
rocks  whose  petrography  is  similar  to  that  of  the  Grenville  series, 
and  which,  like  them,  are  intruded  by  granite  apparently  of  very 
great  age.  The  reports  of  Tyrrell  and  others  in  this  region  have 
yielded  a  number  of  more  or  less  doubtful  occurrences  of  these 
rocks.  A  few  others  have  been  described  to  the  writer  by  present 
members  of  the  staff  of  the  Geological  Survey.  In  the  vicinity  of 
Lake  La  Ronge,  W.  Mclnnes  has  reported'  crystalline  limestones 
and  basic  intrusives,  greatly  folded  and  altered,  and  intruded  by 
the  granite  gneisses  of  the  district.  E.  L.  Bruce  has  informed  the 
writer  that  he  found  ancient  garnet  and  staurolite  gneisses  intruded 
by  granites  around  Wekusko  Lake,  Manitoba..  One  of  the  gneisses 
analyzed  is  imdoubtedly  of  sedimentary  origin.  Tyrrell,  studying 
this  same  area,  reports  that  this  gneiss  "grades  downward  into 
the  greenstone  schists";  apparently  indicating  a  conformable  rela- 
tion between  the  two,  similar  to  that  described  in  this  paper.  F.  J. 
Alcdck  states  that  to  the  northeast  of  Lake  Athabaska  he  found  an 

'  Repi.  Onl.  Bur,  of  Mines ^  Part  2, 1914,  p.  12. 
*Geol,  Sunt.  Can.  Mem,  jo,  19 13,  p.  48. 
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area  of  gametiferous  mica  gneisses,  intruded  by  granites.  The 
occurrence  of  such  sediments  is  of  great  interest,  as  indicating  the 
possibility  of  future  correlation  with  the  eastern  side  of  Hudson 
Bay. 

THEORETICAL  CONSIDERATIONS 

Conditions  of  Extrusions  of  AUtibi  Volcanics 

The  nature  of  the  floor  upon  which  the  Abitibi  ♦olcanics  were 
poured  out  cannot  be  more  than  a  matter  for  conjecture.  No  trace 
has  as  yet  been  foimd  of  the  rocks  which  once  coniposed  it,  to  show 
whether  they  were  sedimentary  or  igneous,  flat-ljring  or  folded. 
Other  facts  are,  however,  more  certain. 

In  the  following  section  the  conclusion  is  drawn  from  a  considera- 
tion of  the  nature  of  the  Grenville  sediments  that  the  Grenville 
series  in  the  interior  of  Quebec  was  deposited  under  continental  or 
shoal-water  marine  conditions.  The  region  was  therefore  a  con- 
tinental plateau,  or  positive  element,  even  at  this  time.  As 
evidence  is  lacking  of  the  occurrence  of  any  great  earth  movement 
between  the  extrusion  of  the  Abitibi  volcanics  and  the  deposition 
of  the  Grenville  series,  it  would  be  reasonable  to  conclude  that 
during  the  extrusive  period  also  the  region  must  have  been  a  positive 
element.  Some  direct  evidence  on  this  question  is  obtainable  from 
the  lavas  themselves,  using  pillow  lavas  and  bedded  tuffs  as  criteria 
of  subaqueous  extrusion. 

On  Obatogamau  Lake  all  the  lavas,  even  the  basal  basalts, 
show  pillow  structures.  On  Kaopatina  Lake  and  eastward  to 
Father's  Lake,  the  basalts  are  not  pillowed,  but  the  overl)ring  lavas 
have  the  structure  well  developed,  and  interbanded  tuffs  are  well 
bedded.  On  Tush  Lake  and  the  areas  to  the  northward,  none  of 
the  lavas  are  weD  bedded.  While  this  line  of  evidence  has  not  been 
worked  out  in  detail  throughout  the  entire  area,  the  facts  obtained 
suggest  that  the  extrusive  period  was  one  of  gradual  submergence. 
The  earliest  recognized  shore  must  have  lain  between  Obatogamau 
and  Kaopatina  lakes,  and  a  westward  transgression  of  the.  sea 
took  place  thereafter.  The  submergence  evidently  went  on  after 
the  extrusion  of  the  lavas  was  complete,  since  gametiferous  ^eisses 
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identical  with  the  rocks  of  the  Grenville  series  are  found  up  to  the 
shores  of  James  Bay. 

Alternative  to  the  hypothesis  of  marine  transgression  lies  the 
possibility  that  at  this  time  the  land  was  covered  by  a  series  of 
large  lakes.  Xt  the  land  remained  above  the  level  of  the  sea,  the 
outpourings  of  lava  that  took  place  must  have  filled  the  stream 
valleys  and  utterly  disorganized  the  drainage;  lakes  must  have 
been  formed  as  a  result,  and  if  the  region  was  one  of  low  relief,  as 
it  will  presently  be  shown  appears  probable,  these  lakes  may  have 
attained  sizes  comparable  to  those  of  the  great  glacial  lakes  of 
Pleistocene  times.  Such  a  condition  would  explain  the  facts  stated, 
as  well  as  marine  transgression. 

Topographically,  the  surface  on  which  the  lavas  were  poured  out 
seems  to  have  been  one  of  low  relief.  Had  high  mountains  existed 
at  the  time,  the  remains  of  the  peaks,  aroimd  which  the  lavas  would 
have  flowed,  should  surely  be  found  now  penetrating  into  at  least 
the  lower  beds  above,  which  are  now  on  edge.  Nothing  of  the  sort 
has  come  to  light.  Again,  had  the  extrusions  been  thrown  out  from 
high  peaks,  such  as  the  volcanic  cones  of  the  present  day,  we  might 
now  expect  to  find  sudden  changes  of  strike  near  the  volcanic  centers, 
due  to  the  occurrence  of  steep  depositional  dips.  This  has  not  been 
observed.  The  conclusion  may  therefore  tentatively  be  drawn  that 
the  flows  were  extruded  as  fissure  eruptions,  at  least  in  the  case  of 
the  more  widely  distributed  basic  lavas,  and  to  have  flowed  out  over 
a  surface  of  fairly  low  relief.  More  detailed  field  work  is  necessary, 
with  careful  mapping  of  the  areal  boundaries  of  separate  flows,  to 
establish  this  conclusion. 

Conditions  of  Deposition  of  the  Grenville  Series 

Areal  distribution. — ^A  careful  search  has  been  made  of  the 
reports  of  the  explorers  of  northern  Quebec  and  Labrador,  and 
determinations  made  from  their  descriptions  of  the  location  of 
areas  of  the  GrenvUle  series,  using  as  criteria  for  its  determination 
mainly  petrographic  similarity  and  geological  relations.  Many 
descriptions  were  met  with  of  rocks  which  bear  a  strong  resemblance 
to  certain  phases  of  the  Grenville,  but  are  likewise  indistinguishable 
from  the  Pontiac  or  some  other  highly  altered  sedimentary  series. 
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These  are  not  included  on  the  accompanying  map;  the  bodies 
mapped  are  confined  to  those  highly  gametiferous  XypeSy  with  or 
without   limestone,   which  are  peculiarly,  characteristic   of  the 


Fig.  13. — Map  to  illustrate  the  distribution  of  the  limestone  member  of  the 
Grenville  series.  Limestone  is  absent  on  the  Hudson  Bay  side  of  the  heavy  black  line 
and  present  on  the  southeast  side. 

Grenville.     The  areas  shown  on  the  map  (Fig.  13)  are  those  in 
which  the  amount  of  the  Grenville  series  present  is  so  large  and  its 
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characteristics  so  definite  that  its  identification  can  scarcely  be 
doubted.  The  dotted  patches  are  those  in  which  the  amount  of 
Grenville  present,  relative  to  that  of  the  granite  which  has  intruded 
it,  is  small,  so  that  its  identification  is  more  open  to  argument. 
Even  in  these  cases,  however,  the  effort  has  been  made,  as  stated, 
to  weed  out  the  doubtful  cases  and  include  none  but  those  in  which 
identification  is  fairly  certain.  The  results  show  the  presence  of 
the  Grenville  over  the  whole  interior  of  the  Labrador  peninsula, 
wherever  exploration  has  been  parried,  as  well  as  in  Bafiin  Land 
and  the  long-known  districts  to  the  south. 

The  study  of  the  older  reports,  together  with  the -writer's  own 
field  work,  has  brought  to  light  a  peculiarity  in  the  distribution  of 
the  limestone  member  of  the  series.  Limestone  is  found  in  Bafl^ 
Land,  in  places  along  the  Labrador  coast,  and  throughout  southern 
Quebec  and  Ontario,  as  well  as  in  the  Adirondack  region;  but  little 
or  no  limestone  has  been  described  throughout  the  interior  plateau 
of  northern  Quebec.  It  has  been  considered  by  certain  authors  that 
the  lack  of  limestone  in  this  region  is  due  to  its  solution  by  the  intru- 
sive granite,  where  the  granite  is  present  in  sufl&dently  large  amount. 
This  opinion  does  not  appear  to  be  well  founded.  In  the  section 
northward  along  the  Gatineau  River,  above  the  town  of  Maniwaki, 
the  writer  found  that  the  limestone  member  decreases  in  relative 
amoimt,  with  corresponding  increase  of  the  clastic  members  of  the 
series,  until  it  disappears  altogether,  without  any  notable  increase, 
in  the  amount  of  intrusive  granite  which  is  present  throughout 
in  considerable  amount.  In  the  Nemenjish  area,  there  are  at  least 
several  hundred  feet  of  elastics,  entirely  free  from  intrusive  granite. 
With  them  there  are  interbedded  only  two  bands  of  limestone,  each 
about  a  foot  in  thickness.  These  facts  seem  explicable  only  on  the 
hypothesis  that  the  limestone  never  was  deposited  in  the  localities 
mentioned;  in  other  words,  the  lack  of  limestone  in  certain  areas 
is  due  mainly  to  a  primary  difference  of  sedimentation  rather  than 
to  removal  after  deposition  by  the  granite.  A  preliminary  attempt 
has  been  made,  from  a  study  of  the  reports,  to  determine  the  position 
throughout  the  Labrador-Quebec  region  at  which  this  change  in 
sedimentation  took  place,  and  to  indicate  it  on  the  map  (Fig.  13)  by 
a  heavy  black  line.    On  the  Hudson  Bay  side  of.  this  line  little  or 
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no  limestone  has  been  found,  but  on  the  other  side  of  the  line  lime- 
stone in  considerable  amoimt. 

The  existence  of  such  a  definite  boimdary  is  of  great  significance 
in  considering  the  conditions  of  deposition  of  the  Grenville  series. 
We  have  an  interior  region  in  which,  for  some  reason,  conditions 
were  unfavorable  for  the  deposition  of  limestone;  while,  beyond  the 
margins  of  this  region,  limestone  was  deposited  freely.  Two  pos- 
sibilities present  themselves  to  explain  this  fact.  The  portion  of  the 
Grenville  within  the  limestone  boundary  may  be  of  terrestrial 
origin,  in  which  case  the  limestone  boundary  will  represent  approxi- 
mately the  location  of  the  Grenville  shore  line;  or  the  whole  series 
may  be  marine,  but  the  clastic  sediment  within  the  limestone  bound- 
ary may  have  been  so  abundant  that  limestone  was  not  formed 
there.  In  either  case  the  limestone  boundary  represents  a  topo- 
graphic break,  where  an  interior  plateau  fell  off  sharply  to  a  lower 
level.  The  solution  of  this  problem  therefore  depends  on  the 
determination  of  the  marine  or  non-marine  origin  of  the  Grenville 
sediments  within  the  limestone  boundary. 

The  data  at  hand  are  not  sufficient  for  the  solution  of  this  prob- 
lem, since  the  comparatively  small  Nemenjish  area  is  as  yet  the 
only  one  which  has  been  studied.  The  known  facts,  pro  and  con, 
may  be  summarized  as  follows: 

A.  In  favor  of  a  non-marine  origin  of  the  series  whtre  limestone 
is  absent: 

1.  The  Nemenjish  sediments  as  a  rule  have  the  composition  of 
an  altered  greywacke  as  if  derived  from  older  rocks  by  disintegra- 
tion without  much  decomposition.  They  show  small  variations 
in  mineral  composition,  but  these  variations  appear  to  be  due  to 
variation  in  the  composition  of  the  older  rocks  from  which  they 
were  derived,  rather  than  the  variations  due  to  normal  weathering 
and  consequent  separation  into  sandstone  and  shale  constituents. 
True  quartzites,  shales  or  slates,  and  limestones  are  conspicuous 
by  their  absence,  or  their  presence  in  very  small  amount,  in  the 
northern  region,  although  they  are  present  in  greater  amount  in 
the  marine  division  of  the  series  beyond  the  limestone  boundary— a 
natural  result  of  transportation  over  greater  distances. 

2.  Although  remnants  of  the  Grenville  sediments  appear  to  be 
scattered  over  the  whole  of  the  Labrador  plateau,  it  is  not  yet  proved 
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that  they  once  formed  a  continuous  sheet  over  this  area.  It  is 
equally  possible  that  they  may  have  been  deposited  in  discontinuous 
basins. 

3.  If  the  origin  of  the  sediments  was  marine,  a  study  of  the  map 
shows  that  it  will  be  necessary  to  postulate  that  the  land  area  from 
which  they  were  derived  occupied  part  of  the  present  area  of  Hudson 
Bay.  It  is  difficult  to  conceive  of  the  transport  of  sandy  sediments 
from  a  land  area  in  this  position  to  the  eastern  Ontario  district 
or  the  Labrador  coast. 

B.  In  favor  of  a  marine  origin: 

1.  The  entire  lack  of  conglomerates  or  coarse-grained  clastic 
sediment  in  the  known  portions  of  this  series  is  strongly  against 
the  hypothesis  of  a  non-marine  origin.  Deformation  has  not  been 
so  great  as  to  destroy  such  textures,  as  their  preservation  in  the 
Mattagami  series  shows. 

2.  In  the  Nemenjish  area  all  the  rocks  are  well  bedded,  usually 
in  beds  twenty  or  more  feet  in  thickness.  No  trace  remains  of 
cross-bedding,  lens-shaped  beds,  or  other  structiures  characteristic 
of  terrestrial  deposits.  This  area  might  of  course  have  been  part 
of  the  site  of  a  large  lake. 

3.  The  gre)rwacke-like  composition  of  the  rocks  might  equally 
well  be  explained  on  the  basis  of  the  lack  of  vegetation  in  these  early 
times,  so  that  the  composition  might  not  argue  either  for  or  against 
the  marine  origin.  Where  vegetation  was  lacking  and  precipitation 
abundant,  sediment  would  be  removed  as  fast  as  disintegration 
took  place,  so  that  complete  decomposition  of  the  rock  constituents 
by  weathering  might  not  have  taken  place. 

Conditions  of  Deposition  of  the  Mattagami  Series 

Areol  distribution, — ^The  Mattagami  series  is  not  known  certainly 
outside  of  the  region  under  discussion,  as  its  existence  and  age 
relations  have  been  recognized  only  within  the  last  few  years. 
Apparently,  however,  it  was  once  fairly  imiformly  distributed  over 
northwestern  Quebec,  at  least  as  far  north  as  the  East  Main  River, 
where  sediments  of  similar  composition  and  degree  of  deformation 
are  described  by  Low.'  •  The  writer  has  not  been  able  to  identify  the 

« Geo/.  Surv,  Can,,  Ann.  Kept,,  VELI  (1896),  Part  L. 
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series  elsewhere  in  northern  Quebec  from  the  reports.  The  Timis- 
kaming,  Sudbury,  and  Hastings  series  to  the  south  and  southwest 
may  possibly  be  of  the  same  age,  though  a  definite  correlation  cannot 
now  be  made. 

The  same  difficulties  obtain  in  the  Mattagami  series  as  in  the 
Grenville  series  with  regard  to  a  marine  or  non-marine  origin. 
Generally  speaking,  the  composition  of  the  two  series  is  very  similar, 
that  of  an  altered,  rather  impure  sand,  implying  conditions  of 
rapid  weathering  and  deposition  without  extended  decomposition 
of  the  rock  constituents.  All  the  arguments  for  and  against  a 
marine  origin  that  have  been  previously  cited  in  the  case  of  the 
Grenville  hold  also  in  the  case  of  the  Mattagami  series,  with  the 
exception  that  the  Mattagami  series  includes  a  heavy  basal  con- 
glomerate of  such  thickness  that  a  non-marine  origin  for  this 
member  at  least  seems  very  probable.  In  the  Lucky  Strike  area, 
where  the  series  has  been  greatly  thinned  by  shearing,  the  present 
thickness  of  the  conglomerate  band  is  approximately  300  feet. 
In  the  Kenoniska  area  there  are  two  bands  of  conglomerate,  sepa- 
rated by  a  thick,  massive,  basic  greywacke,  with  very  little  trace 
of  bedding  and  holding  an  occasional  pebble.  The  thickness  of 
the  whole  is  very  difficult  to  estimate  on  account  of  the  probable 
thickening  of  the  formation  at  the  nose  of  the  fold  by  flowage, 
and  uncertainty  as  to  the  plimge  of  the  fold.  A  minimum  estimate 
by  the  writer,  however,  yielded  a  thickness  here  of  at  least  1,000 
feet.  According  to  Barrell,  marine  conglomerates  are  rarely  over 
100  feet  in  thickness.  If  this  is  true,  the  conglomerate  member  of 
the  Mattagami  series  is  probably  of  non-marine  origin. 

Diastfophism 

Certain  considerations  seem  to  indicate  that  the  great  dias- 
trophic  movements  which  followed  the  deposition  of  the  Mattagami 
series  were  connected  with,  or  resulted  in,  the  primary  formation 
of  the  great  geosyncline  of  Hudson  Bay.  These  may  be  summarized 
as  follows: 

I.  If  the  Nemenjish  and  Mattagami  series  are  considered 
to  be  marine  formations,  their  distribution  indicates  that  the  only 
possible  land  mass  which  would  supply  the  necessary  sediments 
must  have  occupied  the  present  position  of  Hudson  Bay. 
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2.  Leith*  has  shown  that  the  formation  of  the  great  Lake  Supe- 
rior syncline  began  in  pre-Keweenawan  time,  and  suggests  indi- 
rectly that  it  may  have  begun  to  form  very  much  earlier,  even  in 
the  pre-Huronian.  The  formation  of  a  structure  of  this  size  must 
have  been  accompanied  by  profound  deformative  effects  on  the 
rocks  for  a  long  distance  to  the  north  and  south.  The  evidence 
from  the  parts  of  northern  Ontario  and  Quebec  dealt  with  in  this 
paper  indicates  that  they  have  b^n  affected  by  only  one  intense 
folding  movement  of  pre-Keweenawan  age,  the  post-Mattagami 
movement.  The  Bruce  series,  or  Lower  Huronian  of  the  north 
shore  of  Lake  Huron,  and  the  Cobalt  series  which  overlies  it,  where 
not  affected  by  Keweenawan  deformation  are  only  gently  folded 
and  rest  on  a  folded  and  peneplaned  surface.  It  seems  reasonable 
therefore  to  correlate  the  post-Mattagami  folding  with  the  primary 
formation  of  the  great  synclines  of  Lake  Superior  and  Hudson  Bay. 
The  region  between,  under  this  hypothesis,  is  an  anticlinorium, 
and  was  probably  mountainous,  so  far  as  can  be  judged  from  esti- 
mates of  the  thicknesses  of  rock  removed  during  the  pre-Huronian 
peneplanation. 

3.  The  Nastapoka  sediments  on  the  east  shore  of  Hudson  Bay 
are  classified  by  Leith^  as  of  Keweenawan  age,  with  perhaps  some 
Animikee  rocks  included.  The  presence  of  these  rocks  shows  that 
at  this  time  Hudson  Bay  was  already  a  synclinal  depression  in 
which  sediments  were  being  deposited.  Their  deformation  shows, 
in  addition,  that  the  folding  movements  by  which  it  was  foraied 
were  still  going  on.  This  history  is  parallel  to  that  of  the  Lake 
Superior  basin,  the  deformation  of  which  continued  throughout 
pre-Cambrian  time  up  to  the  end  of  the  Keweenawan. 

REGIONAL  HISTORY 

In  the  earliest  times  of  which  we  have  record  the  northern 
Quebec  region  appears  to  have  been  a  continental  plateau  of  low 
relief.  This  plateau  included  not  only  northern  Quebec,  Labrador, 
and  probably  Hudson  Bay,  but  also  Baffin  Land,  eastern  Ontario, 
parts  of  New  York  and  Vermont,  and  perhaps  a  large  area  to  the 

« US.  Geol.  Surv,  Monograph  52  (191 1),  p.  622. 
*  Economic  Geology^  V  (1910),  227-46. 
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west  and  southwest  of  Hudson  Bay.  What  its  further  extent  may 
have  been  is  not  known.  The  nature  of  the  rocks  that  composed 
the  plateau  and  formed  the  floor  on  which  later  rocks  were  laid 
down  is  yet  unknown.  The  first  event  of  which  record  remains  is 
the  extrusion  of  vast  amounts  of  lavas,  which  spread  in  sheets  over 
the  greater  part  of  it.  Many  of  these  lavas  possess  pillow  struc- 
tures and  are  interbanded  with  beds  of  tuffaceous  sediments. 
Both  of  these  lines  of  evidence  indicate  subaqueous  extrusion; 
so  that  either  the  sea  covered  portions  of  the  plateau  at  this  time 
or  the  earlier  extrusions  of  lava  so  disorganized  the  drainage  as  to 
create  large  lakes,  in  which  eUipsoidal  lavas  and  bedded  tufifs  were 
laid  down.  In  the  northern  Quebec  district  the  oldest  lavas  found 
are  of  basaltic  composition.  They  were  succeeded  by  more  acid 
types  as  extrusion  went  on,  so  that  the  basalts  are  overlain  suc- 
cessively by  porphyritic  basalts  and  andesites.  Between  the  ande- 
site  flows,  beds  of  chert  are  occasionally  foimd,  which  probably 
represent  portions  of  the  load  of  magmatic  waters  accompan3dng  the 
flows.  Near  or  at  the  top  of  the  andesite  flows',  beds  of  coarse 
tuff  are  foimd  locally,  indicating  that  the  period  of  andesite  extru- 
sion ended  with  volcanic  explosions.  The  period  of  volcanism 
closed  with  a  niunber  of  local  and  small  extrusions  of  quartz 
porphyry.  In  places  this  porphjnry  forms  a  breccia  instead  of  a 
massive  flow.  The  brecciated  texture  has  been  shown  to  be  due 
porbably  to  subaqueous  extrusion,  and  thus  corresponds  to  the 
pillow  structure  in  the  more  basic  lavas. 

At  the  close  of  the  extrusive  period  deposition  of  sediments 
began.  The  lowest  beds  are  of  a  rather  basic,  tuffaceous  composi- 
tion. These  beds  soon  give  place  to  others  which  have  more  the 
composition  of  impure  sands  and  are  now  altered  to  micaceous 
schists  containing  a  few  garnets.  Higher  in  the  series  a  further 
change  in  composition  takes  place,  probably  by  an  increase  in  the 
lime  content  of  the  beds,  which  is  marked  by  the  appearance  of 
garnets  in  great  numbers.  Interbedded  with  the  gametiferous 
mica  gneisses  are  beds  of  gametiferous  hornblende  gneiss  and  an 
occasional  thin  bed  of  crystalline  limestone.  These  sediments, 
locally  termed  the  Nemenjish  series,  are  correlated  with  the  Gren- 
ville  series.    It  is  as  yet  uncertain  whether  they  are  to  be  con- 
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sidered  as  of  marine  or  of  terrestrial  origin.  They  are  separated  by 
a  fairly  sharp  boundary  from  the  known  marine  portion  of  the 
Grenville  to  the  south,  in  which  much  limestone  is  found.  This 
boundary  represents  approximately  the  position  of  the  ancient 
shore  line,  if  the  sediments  to  the  north  are  of  terrestrial  origin; 
if  the  sediments  to  the  north  are  marine,  it  represents  a  topographic 
break,  separating  an  area  of  very  shoal  water  deposition  to  the 
north  from  an  area  of  deeper  water  deposition  to  the  south.  In 
the  latter  case,  the  sediments  of  the  Grenville  must  have  been 
derived  from  a  land  area  occupying  the  site  of  Hudson  Bay. 

At  the  end  of  the  Grenville  period  of  deposition,  uplift  appears 
to  have  taken  place,  and  a  period  of  erosion  ensued.  This  was 
sufficiently  long  to  remove  all  or  the  greater  part  of  the  Grenville 
series  from  much  of  the  interior  plateau,  where  presumably  it  was 
thinnest,  since  in  the  area  between  Lake  Mistassini  and  James  Bay 
the  supposed  Grenville  has  been  found  in  only  two  places  between 
the  lavas  and  the  Mattagami  sediments. 

The  emergence  just  described  appears  to  have  been  accompanied 
or  closely  followed  by  intrusions  of  granite  in  the  southern  portions 
of  the  plateau.  This  "older  granite*'  has  not  yet  been  recognized 
farther  north  than  Lake  St.  John.  There  is  some  evidence  to 
show  that  folding  movements  also  accompanied  these  granite  intru- 
sions, causing  deformation  of  the  rocks  of  the  southern  edge  of  the 
plateau.  After  the  intrusion  of  the  granite  and  the  folding  move- 
ments, if  any,  were  ended,  masses  of  anorthosite  and  feldspathic 
gabbro  were  intruded.  These  have  been  found  as  far  north  as  Lake 
Chibougamau,  but  are  more  numerous  and  larger  in  the  southern 
districts,  where  the  earlier  granite  occurs.  The  localization  of  two 
such  widespread  intrusions  within  similar  limits  is  probably  due  to 
some  common  cause;  perhaps  to  the  presence  of  lines  of  weakness 
in  the  older  rocks  caused  by  the  folding  just  mentioned.  No 
important  orogenic  movement  appears  to  have  accompanied  the 
anorthosite  intrusion. 

The  next  event  in  the  history  of  the  region  was  the  deposition  of 
the  Mattagami  series,  which  may  or  may  not  have  been  accom- 
panied by  marine  submergence.  '  The  thickness  of  the  basal  con- 
glomerate of  the  series  indicates  that  at  least  this  member  probably 
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accumulated  under  non-marine  conditions,  if  Barrell's  conclusion 
as  to  the  thickness  of  marine  conglomerates  is  to  be  accepted. 
The  deposition  of  the  conglomerate  was  followed  by  that  of  thick 
beds  of  arkose  and  gre)rwackey  locally  with  a  little  quartzite.  A 
limestone  member  may  have  been  present  in  beds  laid  down  beyond 
the  southern  margin  of  the  interior  plateau. 

Following  the  deposition  of  the  Mattagami  series  came  a 
period  of  intense  orogenic  movement  and  mountain-building, 
during  which  all  the  rocks  were  folded  closely  along  east-west 
axes  and  gently  along  north-south  axes.  The  more  incompetent 
rocks  were  converted  into  schists.  Following  the  folding  was  the 
great  intrusion  of  later  granite,  which  stoped  away  and  digested 
vast  quantities  of  the  older  rocks,  and  which,  now  exposed  by 
erosion,  underlies  the  major  part  of  the  region. 

A  period  of  erosion  followed,  so  long  that  the  mountains  of  the 
last  folding  were  cut  down  nearly  to  base-level,  and  the  granite 
batholiths  laid  bare.  No  recognizable  trace  has  yet  been  foimd 
of  the  sediments  which  resulted  from  this  erosion  and  which  must 
have  been  deposited  somewhere  during  this  period.  The  next 
event  of  which  any  record  remains  is  the  deposition  of  the  Bruce 
series  on  the  peneplained  surface  of  the  older  rocks  on  the  north 
shore  of  Lake  Huron.  This  indicates  a  third  period  of  submer- 
gence, which  appears,  however,  to  have  been  of  small  areal 
extent.  Emergence  and  the  erosion  of  about  i  ,600  feet  of  the  Bruce 
series  followed,  with  further  gentle  folding,  after  which  a  more 
extensive  submergence  initiated  the  deposition  of  the  Cobalt 
series.  At  this  time  the  sea  transgressed  certainly  as  far  northward 
as  Lake  Abitibi,  and  possibly  to  Lake  Mistassini  and  beyond. 
The  nature  of  the  Cobalt  sediments  indicates  that  the  sea  was 
probably  very  shallow.  Glacial  conditions  obtained  at  this  time, 
according  to  Coleman,  M.  E.  Wilson,  and  others,  and  influenced 
the  character  of  the  sediments  laid  down.  The  final  event  in  the 
history  of  the  region,  so  far  as  traced  here,  was  the  intrusion  of 
gabbro  and  diabase  into  the  older  rocks  in  sills  and  dykes,  preceding 
or  accompanying  further  gentle  folding  movements. 

Climate  and  life. — Our  knowledge  of  the  climate  and  life  condi- 
tions that  prevailed  in  these  early  times  is  exceedingly  scanty, 
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and  all  of  it  so  inferential  that  it  is  of  small  value.  The  presence 
of  the  great  thicknesses  of  limestone  in  the  Grenville  series  is,  how- 
ever, strongly  suggestive  of  the  existence  of  lime-precipitating 
organisms  even  at  that  early  period,  although  it  b  of  course  con- 
ceivable that  the  precipitation  of  lime  at  that  time  may  have  been 
chemical.  The  common  presence  of  scales  of  graphite  in  the  quartz- 
ite  and  crystalline  limestone  and  the  also  common  presence  of  HaS 
apparently  included  in  the  limestone  crystals  are,  however,  both 
rather  strongly  corroborative  of  an  organic  origin.  Whether  life 
extended  to  the  land  at  this  time  is  more  doubtful.  If  it  did,  it 
must  have  been  of  a  very  sparse  nature,  with  little  restraining  effect 
on  the  movement  of  soils  under  erosive  influences.  The  nature  of 
the  clastic  sediments  that  were  deposited  throughout  Grenville 
and  Mattagami  time  indicates  conditions  under  which  the  soil  was 
removed  from  the  land  surfaces  without  the  prolonged  weathering 
and  thorough  decomposition  of  the  mineral  constituents  that  a  good 
covering  of  vegetation  promotes. 

The  climate  of  the  Grenville  period  may  be  inferred  to  have  been 
mild  for  the  following  reasons :  ( i )  If  the  limestone  of  the  series  is  of 
organic  origin,  it  would  imply  the  existence  of  a  warm  epicontinental 
sea.  (2)  The  Grenville  sediments,  though  not  well  weathered,,  are 
as  a  rule  much  more  acid  than  the  basic  lavas  from  which  in  all 
probability  they  were  largely  derived.  This  would  indicate,  in 
the  absence  of  vegetation,  a  warm  climate  favoring  the  rapid 
decomposition  of  the  rock  constituents.  (3)  The  enormous 
extrusions  of  lava  which  took  place  preceding  the  deposition  of  the 
Grenville  must  have  been  accompanied  by  the  exhalation  of  huge 
volimies  of  carbon  dioxide  into  the  atmosphere.  The  presence  of 
this  carbon  dioxide  may  have  had  some  effect  in  ameliorating  the 
climate  of  the  period. 

The  climate  during  the  Mattagami  period  is  more  in  doubt, 
but  it  was  probably  cooler  than  that  of  the  Grenville  period.  The 
presence  of  limestone  in  very  small  quantities  only  might  suggest  a 
sea  colder  than  that  of '  Grenville  time,  in  which  lime-secreting 
organisms  did  not  exist  in  such  profusion.  The  elastics,  though 
frequently  similar  to  the  Grenville,  are  in  general  more  basic  and 
less  weathered.    This  might  also  indicate  colder  climatic  conditions. 
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SUMBCARY 

This  paper  first  describes  methods  which  the  writer  has  used 
for  the  determination  of  structure  in  the  volcanic  flows,  often 
termed  "Keewatin,"  that  form  the  oldest  known  rocks  of  northern 
Quebec.  These  methods,  applied  to  four  areas  of  these  volcanics 
on  the  Opawika  River,  a  tributary  of  the  Nottaway,  have  resulted 
in  the  determination  of  a  similar  sequence  of  extrusion  in  each  area. 
The  sequence  is  one  of  increasing  acidity,  and  consists  of  basalt 
at  the  base,  overlain  successively  by  feldspathic  basalt  character- 
ized by  large  phenocrjrsts  of  feldspar,  andesite,  dacite,  and  rhyolite. 
All  members  of  this  series  are  not  necessarily  present  in  any  one 
locality,  but  their  succession  when  present  is  invariable  as  stated. 

The  paper  also  establishes  the  occurrence  in  northern  Quebec 
of  two  important  sedimentary  series,  both  apparently  of  pre- 
Huronian  age.  One  of  these,  the  Nemenjish  series,  has  been  found 
by  the  writer  in  one  locality  only.  It  consists  of  a  series  of  gametif- 
erous  gneisses,  mainly  the  recrystallized  form  of  impure  sand- 
stones, which  still  exhibit  bedding  and  other  characteristics  of 
sediments.  The  rocks  rest  with  structural  conformity  on  the  sur- 
face of  the  ancient  lavas,  and  some  evidence  is  given  to  show  that 
they  probably  are  to  be  correlated  with  the  Grenville  series.  The 
other  sedimentary  series,  the  Mattagami,  has  been  found  in  five 
different  areas.  Evidence  based  on  the  character  of  the  sediments 
in  each  area,  the  sequence  of  the  formations  in  each  series,  the  struc- 
tures, and  the  relations  to  older  and  younger  rocks,  is  cited  to  show 
that  they  are  all  of  one  age.  The  evidence  relating  to  their  position 
in  the  geologic  column  is  less  satisfactory,  but  they  appear  to  overlie 
the  Nemenjish  series  with  unconformity,  and  to  be  much  older  than 
the  Lower  Huronian,  or  Bruce  series. 

In  addition  to  these  matters  of  principal  interest,  the  paper 
discusses  a  number  of  theoretical  considerations.  One  of  these 
may  particularly  be  mentioned.  The  explorations  of  northern 
Quebec  show  the  existence  of  a  fairly  sharp  boundary  line,  on  one 
side  of  which  limestone  is  a  member  of  the  Grenville  series,  while 
on  the  other  side  it  does  not  appear.  The  significance  of  this  line 
is  discussed,  and  the  conclusion  reached  that  it  represents  an  ancient 
topographic  break,  either  a  shore  line  or  the  boundary  of  a  sub- 
merged plateau. 
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THE    THURMAN-WILSON    FAULT    THROUGH    SOUTH- 
WESTERN  IOWA,  AND  ITS  BEARINGS' 


JOHN  L.  TILTON 
Simpson  College,  Indianola,  Iowa 


WHY  THE  EXTENSION  OF  THE  FAULT  HAS  BEEN  OVERLOOKED 

It  may  seem  remarkable  that  an  important  fault  should  extend 
from  near  the  southwest  comer  of  Iowa  to  the  central  part  of  the 
state,  with  indications  that  it  may  actually  extend  to  the  "Driftless 
Area,"  and  very  little  evidence  of  the  presence  of  such  a  fracture 
exist  in  the  literature  of  the  state.*  There  are,  however,  reasons 
for  this  lack  of  previous  recognition.  The  strata  of  the  Missouri 
stage  of  the  Pennsylvanian,  in  and  beneath  which  nearly  all  of  the 
displacement  in  southwestern  Iowa  took  place,  is  concealed  over 

'  Published  with  the  approval  of  the  director  of  the  Iowa  Geological  Survey. 

'  The  following  important  references  may  be  noted: 

J.  E.  Todd,  "On  the  Folding  of  the  Carboniferous  Strata  in  Southwestern  Iowa," 
Proceedings  of  the  Iowa  Academy  of  Science^  I,  Part  I  (1889),  ^^\  "Some  Varied  Con- 
clusions in  Iowa  Geology,"  tbid.^  Xm  (1906),  184. 

G.  L.  Sihith,  "Carboniferous  Section  of  Southwestern  Iowa,"  Iowa  Ged,  Surv,, 
XIX  (1909),  612.        ■ 

C.  R.  Keyes,  "Controlling  Fault  Systems  of  Iowa,"  Proc.  of  the  Iowa  Acad,  of 
Set.,  XXin  (1916),  103;  "Extent  and  Age  of  the  Cap-au-Gres  Fault,"  ibid.,  XXIV 
(1917),  61.      ^ 

Kejres's  1916  article  was  published  during  the  summer,  a  year  later  than  the  field 
work  by  which  the  present  writer  discovered  that  near  Stennett  the.  Thurman- Wilson 
fault  of  Todd  and  Smith  did  not  become  an  anticline  but  continued  as  a  fault.  In 
Keyes's  two  papers  he  is  chiefly  concerned  with  the  Fort  Dodge  and  the  Cap-au-Gres 
faults,  but  in  spacing  the  faults  in  his  first  paper  he  represents  the  "Red  Oik  fault" 
(the  term  he  uses  for  Todd  and  Smith's  fault  between  Thurman  and  Wilson  quarries) 
as  extending  far  to  the  northeast  without  giving  any  reason  for  opposing  Smith's  view 
that  the  fault  became  an  anticline  near  Stennett,  and  calls  the  throw  four  hundred 
feet  instead  of  three  hundred  feet,  as  reported  by  Smith.  He  also  continues  this  fault 
line  west  to  Hebron,  Nebraska,  without  stating  his  reason  for  disagreeing  with  the 
geologists  of  Nebraska.  However,  it  should  be  noted  that  near  Bloomington  in 
Franklin  County,  about  seVenty-three  miles  west  of  Hebron,  Professor  Erwin  H. 
Barbour  mentions  and  illustrates  "one  major  and  several  minor  faults  of  one  to  four 
feet  di^lacement"  {Nebraska  Geol.  Surv.,  IV,  Part  VII,  PI.  12). 
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much  of  the  area  by  a  thick  deposit  of  Dakota  sandstone;  and  the 
entire  area  is  deeply  covered  with  drift,  through  which  ahnost  no 
outcrops  of  underlying  strata  appear.  Especially  is  this  true  of 
the  Missouri  stage  in  the  northern  half  of  the  area,  the  area  north 
of  the  fault  plane.  Further,  the  Missouri  stage  in  southwestern 
Iowa  is  represented  by  fourteen  different  sets  of  limestone  beds 
separated  by  intervening  beds  of  shale.  The  limestones  them- 
selves have  shaly  partings  of  various  thicknesses,  and  the  shaly 
members  have  limestone  beds.  Through  all  these  beds  there  are 
the  same  species  of  fossils  and  the  same  general  assemblage  of 
forms,  so  that  at  present,  at  least,  the  worker  who  uses  the  fossils 
must  associate  the  assemblage  and  relative  abundance  of  fossils 
with  the  sequence  of  the  beds.  In  this  way  a  few  lines  of  evidence 
can  be  made  out  that  have  an  important  bearing.  Detailed  work 
later  on  the  fossil  content  and  the  relation  of  each  bed  will  doubtless 
yield  valuable  returns. 

South  of  the  fault  plane  the  varying  dip  of  the  strata  accords  in 
places  with  the  slope  of  the  stream  beds;  and  no  information  had 
appeared  in  that  area  that  revealed  what  beds  became  thinner 
beneath  the  drift. 

THE  FAULT 

The  writer  finds  that  the  Thurman-Wilson  fault  of  300  feet  near 
the  Missouri  river  in  Fremont  County  does  not  become  ait  anticline' 
toward  Stennett,  but  that  it  is  a  normal  dip  or  slightly  oblique 
fault,  extending  between  Fox  quarries  in  the  extreme  southern  part 
of  Cass  County  and  Briscoe  (three  miles  further  east),  with  upthrow 
on  the  north  side,  with  displacement  of  284.5  f^^>  ^^^  yfiih  fault 
plane  dipping  steeply  to  the  southeast.  This  line  of  fracture  con- 
tinues northeast  across  Adair  County,  either  in  a  slightly  curved 
line  or  in  a  parallel  fault  or  faults  (Fig.  i).  The  southeast  part 
of  Guthrie  County  is  the  limit  toward  the  northeast  to  which  the 
writer  has  thus  far  traced  the  evidence  of  faulting  in  the  field. 

At  the  few  places  where  a  measurement  of  dip  was  obtainable 
a  marked  irregularity  of  dip  was  found  that  in  general  was  at  right 
angles  to  the  strike  of  the  fault  plane,  and  thus  at  right  angles  to 

'  G.  L.  Smith,  "Carboniferous  Section  of  Southwestern  Iowa/'  lawa  Gtol,  Surv,, 
XDC  (1909),  636. 
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the  general  dip  of  the  strata  in  that  quarter  of  the  state.  North 
of  the  fault  the  upthrow  side  has  been  removed  by  erosion  till 
no  esacrpment  has  been  left,  while  on  the  downthrow  side  the  lesser 
amount  of  erosion  has  left  strata  far  to  the  east,  with  offset  of 
thirty-five  and  a  half  miles.  North  of  the  fault  plane  the  strata 
beneath  Lewis,  Cass  County,  are  seventy  feet  thinner  than  recorded 
in  the  log  of  the  deep  wel^ at  Clarinda,  Iowa;  and  south  of  the  fault 
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plane  they  diminish  in  thickness  235  feet  further  within  a  distance 
of  41  miles  from  Briscoe,  Adams  County,  to  the  "Backbone"  west 
of  Winterset,  in  Madison  County.  The  most  marked  thinning  is  im- 
mediately beneath  the  Oread  limestone,  where  in  Missouri  Hinds  and 
Greene  report  a  faunal  break.'  This  is  to  be  noted  in  contrasting 
a  section  northeast-southwest  north  of  the  fault  plane  with  a  par- 
allel section  south  of  the  fault  plane.  The  section  from  Reno  to 
Sriscoe  across  the  fault  plane  connects  these  two  sections  (Fig.  2). 

.  '  Hinds  and  Greene, ''  Stratigraphy  of  the  Pennsylvanian  Series/'  Missouri  Bureau 
cfGtclogy  and  Mines,  Xm  (2d  series,  1915),  155. 
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.  In  order  to  express  the  relation  of  the  beds  that  outcrop  along 
Middle  River  in  the  eastern  part  of  Adair  County  it  has  seemed 
desirable  to  represent  the  base  of  the  Deer  Creek  substage  as  it 
meets  the  bed  of  Middle  River,  which  in  a  straight  Une  is  ten  and 
three-fourths  miles  northwest  of  the  base  of  the  Oread  substage 
where  it  outcrops  in  Harrison  township.  As  the  strata  rise  to  the 
north  this  makes  it  appear  as  if  the  Tecumsey  shale  became  thicker 
to  the  northeast,  when  in  reality  all  of  the  strata  become  thinner 
in  that  direction.  In  both  these  diagrams  the  dip  is  magnified 
eighty-eight  and  a  third  times. 


Fig.  2 


The  effect  of  this  faulting  on  the  location  of  outcrops  is  expressed 
in  the  block  diagrams  representing  the  changes  that  have  taken 
place.  It  should  be  particularly  noted  that  the  limestone  (Oread) 
which,  on  the  north  side  of  the  fault  plane,  appears  at  Lewis  and 
at  the  Fox  quarries  in  the  southwest  part  of  Cass  County,  appears, 
on  the  south  side  of  the  fault  plane,  dose  to  Middle  River  as  it 
leaves  Adair  County,  and  also  extends  into  the  southwestern  part 
of  Madison  County  (Figs.  3  and  4). 

IMPORTANT  BEARINGS 

Coal. — For  the  first  time  we  now  recognize  why  Nodaway  coal 
foimd  in  the  southern  part  of  southwestern  Iowa  is  not  also  found 
in  the  northern  part  of  southwestern  Iowa,  except  in  a  small  area 
close  to  Thurman,  Fremont  County.    Prior  to  this  it  was  supposed 
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that  the  fault  at  Thurman  changed  mto  an  anticline  near  Stennett, 
in  which  case  there  ought  to  be  Nodaway  coal  north  of  the  anticline. 
The  recognition  of  the  fault  should  prove  of  considerable  economic 
value  in  preventing  expenditure  for  prospecting  for  the  Nodaway 
coal  seam  north  of  the  fault. 

The  presence  of  the  fault  with  uplift  of  284  feet  north  of  this 
fault  plane  is  a  new  factor  of  importance  bearing  on  the  question 


Fig.  3 


of  the  depth  of  the  Des  Moines  stage  (the  chief  coal-bearing  beds) 
farther  north  in  the  west  central  part  of  the  state,  even  though  the 
determination  of  the  position  of  such  beds  is  complicated  by  warp- 
ing of  the  strata  (if  not  by  other  faulting),  by  the  great  uncon- 
formity beneath  them,  and  by  the  pre-Cretaceous  erosion  of  their 
surface.  The  presence  of  thick  beds  of  Dakota  sandstone  above 
the  Des  Moines  stage  and  of  thick  deposits  of  drift  above  the 
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Dakota  sandstone,  apparently  preclude  the  possibility  of  success- 
ful  mines  even  if  coal  were  located. 

The  presence  of  this  fault  and  of  others  in  a  parallel  direction 
with  uplift  to  the  north  has  also  an  important  bearing  with  reference 
to  the  distribution  of  coal  toward  the  north  and  northeast  that  is 
very  noticeable  in  northern  Adair  and  southern  Guthrie  and  Dallas 
counties,'  and,  combined  with  erosion^,  explains  the  westward  trend 
of  exposures  of  the  Des  Moines  stage  in  this  region.  It  also  intro- 
duces a  new  factor  to  combine  with  unconformity  at  the  base  of  the 
Des  Moines  stage  to  explain  why  coal  is  found  in  certain  localities 
(as  near  Panora  and  Boone)  and  not  in  others. 


J},  A«*r  'fD^f  Off*  k  h 


Tttfttfrnt*  fit  timtr 


Fig.  4 


Oil. — ^The  presence  of  a  dip  fault  extending  through  south- 
western Iowa  toward  the  oil  fields  farther  southwest,  with  strata 
in  Iowa  monoclinal,  dipping  .southwest,  and  crossed  by  low  anti- 
clines,^ present  a  series  of  facts  that  cannot  be  overlooked  with 
reference  to  oil,  even  though  no  traces  of  oil  have  been  found. 
Across  the  river  in  Nebraska  a  little  fault  exists  in  Jones  Point 

'  In  view  of  the  presence  of  this  parallel  fault  Bain's  report  on  Guthrie  County 
makes  very  interesting  reading  {Iowa  Ged.  Surv.^  Vol.  VII).  On  pp.  438-29  he 
describes  the  upper  division  of  the  Des  Moines  stage  as  duplicating  the  lower  division, 
and  on  p.  455  states  that  beds  found  '^  probably  represent  the  upper  portion  of  the 
Cherokee  shales.''  Leonard  (VIII,  91)  speaks  of  an  anticline  in  the  southwestern 
part  of  Dallas  County,  the  county  next  east  of  Guthrie  County. 

*  George  L.  Smith,  "  Carboniferous  Section  of  Southwestern  Iowa,"  Iowa  Geoi. 
Surv,,  XIX,  624. 
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that  Todd*  and  Smith*  thought  a  continuation  of  the  Thurman- 
Wilson  fault  in  Iowa.  It  seems  strange  that  there  should  be  a 
displacement  of  300  feet  on  the  Iowa  side  of  the  river  and  of  but  a 
few  feet  on  the  Nebraska  side,  and  even  more  strange  now  that  we 
know  that  the  fault  continues  to  the  northeast  with  but  little 
diminution  of  displacement  to  at  least  near  the  center  of  Iowa. 
Perhaps  there  is  a  displacement  further  north  or  south  in  Nebraska 
that  has  not  yet  been  located. 

Why  no  oil  has  been  found  in  southwestern  Iowa,  southeastern 
Nebraska,  and  northeastern  Kansas  has  received  no  satisfactory 
explanation  as  yet  in  published  reports.  With  the  consent  of 
G.  E.  Condra,  professor  of  geograi>hy  and  conservation  at  the 
University  of  Nebraska,  I  call  attention  to  his  oral  statement  that 
in  the  southeastern  part  of  Nebraska  granite  was  found  at  a  depth 
of  five  hundred  feet  from  the  surface  and  penetrated  for  a  depth  of 
a  thousand  feet.  This  great  mass  of  granite  lies  between  south- 
western Iowa  and  the  oil  fields  further  southwest,  and,  whatever 
other  conditions  are  involved,  bars  underground  circulation  through 
formations  that  farther  southwest  are  oil-bearing. 

Border  of  the  Missouri  stage, — ^North  of  the  fault  plane  (the 
upthrow  side)  erosion  has  given  the  east-west  trend  of  the  Missouri 
stage  in  Guthrie  County.  South  of  the  fault  plane  (the  downthrow 
side)  the  base  of  the  Missouri  stage  extends  far  to  the  east.  The 
extension  to  the  eastward  is  thxis  not  simply  an  uneroded  mass  of  a 
highland  region,  as  formerly  supposed,  but  an  uneroded  portion 
left  protected  on  the  downthrow  side^  of  a  fault  plane.  Still  further 
to  the  northeast,  even  to  the  "Driftless  Area,"  along  the  general 
direction  of  the  Thurman-Wilson  fault  may  be  noted  east-west 
extensions  of  the  various  formations  as  m^pp>ed,  as  if  the  effect 

*J.  E.  Todd,  "On  the  Folding  of  the  Carboniferous  Strata  in  Southwestern 
Iowa,"  Proc.  of  the  Iowa  Acad.  ofSci,,  I,  Part  I  (1889),  61;  also  XIII  (1906),  184. 

'  G.  L.  Smith,  "Carboniferous  Section  of  Southwestern  Iowa,"  Iowa  Geol.  Surv.f 
XIX  (1909),  612. 

>  No  one  has  as  yet  determined  whether  or  not  a  continuation  of  Keyes's  Cap-au- 
Gres  fault  boimds  the  eastern  side  of  the  Missouri  stage  in  Iowa.  He  describes  the 
fault  as  extending  from  Leon,  Iowa,  southeast  to  Vincennes,  Indiana,  but  he  gives  no 
data  with  reference  to  the  Iowa  end  of  the  line  ("Extent  and  Age  of  the  Cap-au-Gres 
Fault,"  Proc,  of  the  Iowa  Acad,  of  Sci.,  XXIV  [1917],  61). 
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of  the  disturbance  were  a  factor  in  determining  surface  distribu- 
tion well  across  the  state.  Investigation  has  not,  however,  by  the 
writer  been  extended  in  the  field  to  this  part  of  the  state. 

AGE  OF  THE  FAULT 

Since  the  Dakota  sandstone  lies  on  both  sides  of  the  fault  plane 
and  rests  on  the  truncated  surface  of  various  strata  of  the  Missouri 
stage  with  no  evidence  of  a  fault  scarp  detected  beneath  the  Dakota 
sandstone,  it  appears  that  the  faulting  began  in  the  interval 
betyreen  the  deposition  of  the  Missouri  stage  and  the  deposition 
of  the  Dakota  stage,  that  the  fault  scarp  was  well  removed  before 
the  subsidence  that  accompanied  the  deposition  of  the  Dakota 
sandstone,  and  that  any  additional  faulting  has  not  been  very 
pronounced  since  that  time.  That  there  has  been  some  later 
movement  is  possible,  since  at  Crystal  Lake  shale  included  between 
the  sandstone  strata  is  found  to  dip  in  the  general  direction  of  the 
dip  of  the  limestone  (Missouri).  If  there  was  any  movement  along 
the  fault  plane  any  escarpment  that  formed  at  the  surface  of  the 
sandstone  has  since  been  removed  by  erosion. 

Variations  in  dip  of  the  sandstone  that  correspond  to  variations 
in  dip  of  the  limestone  along  the  fault  plane  have  not  been  detected. 
It  therefore  app>ears  from  this  argument  also  that  about  all  faulting 
with  accompanying  disturbance*  was  completed  before  the  Dakota 
sandstone  was  laid  down.  In  this  interval  of  time  there  was  in 
the  interior  and  eastern  United  States  one  marked  period  of 
disturbance,  the  Permian.  In  distant  regions  (Appalachian  and 
Ouachita)  the  faulting  was  of  the  reversed  tyi>e.  Here  it  is  of  the 
normal  type.  The  reversed  faulting  of  the  Permian  may  have 
been  accompanied  or  followed  by  relaxational  movements  in  the 
same  or  the  next  period.  To  this  interval  of  time  (Permian- 
Triassic)  it  at  present  seems  necessary  to  refer  the  major  pwirt  of 
the  faulting,  and  perhaps  all  of  it. 

'  From  a  study  of  the  joint  planes  it  also  appears  that  the  jointing  in  the  Missouri 
stage  is  related  to  the  faulting  and  to  the  uplift  toward  the  northeast  (Permian- 
Triassic),  while  the  jointing  in  the  sandstone  is  related  to  the  uplift  toward  the 
northwest  (post-Cretaceous),  though  affected  by  the  presence  of  the  fault  plane  and 
the  joint  planes,  and  also  affecting  those  planes. 
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The  Geology  of  South  Australia.  By  Walter  Howchin.  Pp.  xvi 
+543.  Figs.  330  and  geological  map.  Adelaide:  Govern- 
ment Printer,  191 8. 

Hitherto  there  has  been  no  book  which  treated  geologic  processes 
and  the  general  principles  of  geology  from  the  Australian  standpoint, 
although  The  Geology  of  New  South  Wales  by  Sussmilch  may  be  cited  as 
an  admirable  text  on  the  historical  geology  of  that  interesting  state. 
A  feeling  that  there  was  need  for  a  work  on  general  geology  with  illus- 
trations drawn  from  Australia  has  led  to  the  present  volume. 

This  volume  is  in  two  divisions.  The  first  portion,  which  makes  up 
more  than  half  of  the  book,  deals  with  geologic  processes,  the  materials 
of  the  earth,  and  d3aiamic  principles;  the  second  portion  outlines  the 
historical  geology  of  South  Australia.  While  limited  space  precludes 
an  exhaustive  treatment  of  geologic  principles,  the  reader  nevertheless 
finds  a  great  deal  of  well-illustrated  material  within  these  pages.  The 
examples,  illustrations,  and  concrete  facts,  taken  largely  from  the 
Australian  continent,  come  with  a  special  freshness  to  the  geologist  of 
the  Northern  Hemisphere,  to  wh'om  they  are  largely  new  and  decidedly 
welcome. 

A  few  points  of  dissent  may  be  noted.  The  author's  classification 
of  the  different  forms  of  glacial  deposits  is  perhaps  not  altogether 
orthodox  from  the  viewpoint  of  others,  as  may  be  illustrated  by  the 
following  statement,  which  appears  under  the  heading  of  "Unstratified 
Glacial  Deposits,"  on  pages  146-47 :  ^*  Subglacial  streams  wear  irregular 
channels  through  the  ground  moraines,  and  when  the  ice  disappears 
irregular  ridges  or  mounds  of  drift  are  scattered  over  the  valley  bottom 
and  are  known  as  eskers,  in  Iceland;  kames,  in  Scotland;  osars,  in 
Sweden;  and  drumlins,  in  America."  On  page  215,  below  a  diagram 
illustrating  slaty  cleavage  in  a  much-folded  section,  the  statement  is 
made  that  '^cleavage  planes  preserve  an  exact  parallelism  and  identical 
strike  over  wide  areas,  and  are  independent  of  the  foldings  of  the  rock 
as  well  as  the  bedding  planes."  Instead  of  being  independent  of  the 
folding,  flow  cleavage  has  recently  been  shown  to  be  developed  parallel 
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to  the  axial  planes  of  the  folds,  and  to  afford  one  of  the  prettiest  keys 
to  the  interpretation  of  the  larger  units  of  structure  in  areas  of  complexly 
deformed  rocks. 

The  second  half  of  the  volume,  upon  geologic  history^  brings  out  the 
fact  that  fewer  geological  systems  are  represented  in  South  Australia 
than  in  any  other  Australian  state,  for  the  reason  that  a  few  S3rstenis 
cover  a  great  extent  of  the  country  to  the  exclusion  of  the  others.  No 
Silurian,  Devonian,  or  Triassic  beds  have  been  recognized,  and  Eocene 
beds  have  not  as  yet  been  definitely  determined. 

Among  the  most  important  systems  are  the  Cambrian  and  the 
Permo-Carboniferous,  in  which  occurred  the  very  remarkable  glaciations 
for  which  South  Australia  has  become  famous.  The  Cretaceous  beds 
which  surface  a  very  considerable  portion  of  South  Australia  form  what 
is  believed  to  be  the  greatest  artesian  basin  in  the  world,  3delding  an 
abundant  supply  of  usable  water  that  is  of  the  greatest  economic  im- 
portance in  the  development  of  some  of  the  driest  parts  of  Australia. 
These  advantages,  however,  are  shared  with  New  South  Wales,  Queens- 
land, and  the  Northern  Territory.  Following  the  discussion  of  each 
period  in  South  Australia  is  a  brief  description  of  that  system  in  the 
other  Australian  states. 

The  illustrations  are  good,  and  the  book  should  prove  useful  to  the 
working  geologist  outside  of  Australia  as  well  as  to  the  Australian  student. 

R.  T.  C. 
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INTRODUCTION 

A  formal  definition  of  the  term  magma  is  seldom  given  in 
petrologic  literature,  but  it  is  plain  from  most  writings  that  the 
word  is  intended  to  signify  completely  molteb  rock.  Etymologi- 
cally  magma  is  perhaps  more  definitely  applicable  to  a  liquid  with 
much  suspended  solid  matter,  that  is,  to  a  sort  of  mush.  In  this 
sense  the  term  might  designate  igneous  material  in  which  crystalli- 
zation was  well  advanced,  and,  while  such  usage  should  perhaps 
not  now  be  urged,  it  is  none  the  less  true  that  magma  in  this  latter 
sense  is  of  fundamental  significance  in  the  genesis  of  igneous  rock 
types.  In  his  paper  discussing  the  crystallization  of  magmas^ 
in  which  that  process  was  advocated  as  the  fimdamental  factor 
in  differentiation,  the  writer  pointed  out  the  special  importance  of 
two  stages,  the  early  stage  of  crystallization,  when  crystal  settling 
may  occur,  and  the  late  stage  of  crystallization,  when  squeezing  out 
of  residual  liquid  may  occur.  Throughout  most  of  the  discussion 
of  crystallization-differentiation,  however,  particular  attention  was 

>  "The  Later  Stages  of  the  Evolution  of  the  Igpaeous  Rocks,"  Jouf,  Geol.,  XXIII 
(1915),  Supplement. 
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given  only  to  crystal  settling.  Since  the  publication  of  that  paper  a 
number  of  writers  have  pointed  out  various  features  of  igneous 
rocks  for  which  crystallization-differentiation  has  seemed  to  them 
to  offer  no  adequate  explanation.  These  objections  have  arisen 
largely  from  a  failure  to  appreciate  the  importance  to  differentia- 
tion of  the  period  when  igneous  material  is  largely  crystalline,  that 
is,  the  period  when  it  is  magma  in  that  sense  of  the  term  to  which 
attention  is  called  above. 

In  the  present  paper'  the  writer  wishes  to  offer  suggestions 
regarding  some  of  the  more  general  objections  that  have  been 
raised  against  the  theory  of  crystallization-differentiation  and 
especially  to  apply  it  to  certain  phenomena  for  whose  explanation 
it  has  been  considered  inadequate. 

RELATIVE  IMPORTANCE  OF  SYNTEXIS 

In  a  recent  paper  on  the  "  Genesis  of  the  Alkaline  Rocks"  Daly 
discusses  many  features  of  the  genesis  of  igneous  rocks  in  general' 
and  takes  the  opportunity  of  criticizing  certain  aspects  of  the 
theory  of  crystallization-differentiation.  In  his  introduction  and 
at  other  points  in  the  discussion  Daly  makes  statements  that 
convey  the  impression  that  that  theory,  as  a  whole,  must  stand  or 
fall  with  its  ability  to  explain  the  alkaline  rocks.  A  brief  examina- 
tion of  the  basis  on  which  the  theory  rests  will  show,  however,  that 
such  statements  are  hardly  justified.  From  the  results  of  a  series 
of  experiments  that  dealt  with  the  crystallization  of  silicate  melts 
the  writer  was  led  to  the  opinion  that  igneous  rock  t)T)es  as  we  know 
them  in  the  field  could  be  developed  as  a  result  of  the  fractional 
crystallization  of  basic  magma  under  appropriate  conditions.  The 
actual  experimental  work  was  carried  on  with  mixtures  of  simpler 
constitution  than  the  usual  igneous  rock,  but  frequently  a  fairly 
close  approach  to  the  composition  of  an  igneous  rock  in  its  more 
essential  aspects  was  accomplished.  In  such  instances  the  con- 
clusions drawn  from  the  experimental  work  may  be  considered  to 
be  of  correspondingly  greater  reliability.  If  we  examine  the  experi- 
mental data  we  find  that  such  close  approach  was  made  only  in 
the  case  of  the  subalkaline  rocks,  and  in  the  development  of  the 

^Jour.  Gecl.,  XXVI  (1918),  97-134. 
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theory  of  petxogenesis  it  was  only  after  these  data  had  been  applied 
to  the  problems  of  the  subalkaline  rocks  that  a  possible  solution  of 
the  alkaline  rocks  became  apparent.  In  short,  then,  the  conclusions 
arrived  at  in  the  case  of  the  subalkaline  rocks  represent  but  a 
short  extrapolation  from  the  experimental  data,  whereas  in  the 
case  of  the  alkaline  rocks  the  extrapolation  is  a  long  one  and 
correspondingly  subject  to  error.  While  there  is  no  reason  at 
present  for  receding  from  the  position  taken  regarding  the  genesis 
of  alkaline  types,  it  is  quite  possible  that  the  position  might  prove 
wholly  imtenable  without  any  necessary  doubt  being  cast  on  the 
strength  of  the  hypothesis  that  the  subalkaline  rocks,  at  least,  are 
derived  by  processes  of  differentiation  in  which  fractional  crystalli- 
zation is  the  primary  control. 

The  writer's  hypothesis,  then,  refers  the  diversity  of  igneous 
rocks  to  the  differentiation  of  basic  magma  through  a  spontaneous 
power  resident  within  the  magma  and  resulting  from  its  own 
crystallization.    Daly's  hypothesis  likewise  assiunes  original  ig!ae- 
ous  material  of  a  basic  nature,  but  considers  that  it  has  Uttle 
pK)wer  of  spontaneous  differentiation  and  that  it  acquires  a  signifi- 
cant tendency  to  differentiate  only  when  equilibrium  is  upset  by  the 
assimilation  of  foreign  material.    For  each  great  family  of  igneous 
rocks  a  particular  typt  of  foreign  material  has  been  assumed  to  be 
the  special  agent.    To  Daly  assimilation  is  all-important,  to  the 
writer  it  is  a  mere  adventitious  circumstance.    There  is  nothing, 
however,  in  the  writer's  hypothesis  that  justifies  Daly's  statement 
that  he  assumes  differentiation  to  affect  only  purely  juvenile 
magma  without  foreign  contamination.'    Daly  makes  this  state- 
ment in  his  discussion  of  the  writer's  definition  of  differentiation, 
in  which  discussion  he  directs  his  attention  more  toward  the  form 
than  toward  the  substance.    In  another  part  of  his  paper  (pp.  88 
and  89)  the  writer  describes  his  conception  of  the  differentiation 
of  a  magma  that  has  suffered  foreign  contamination.     The  inter- 
pretation that  Daly  puts  upon  the  definition,  while  perhaps  not  an 
impossible  one  in  the  light  of  its  wording,  is  rather  surprisiag  in 
anyone  who  has  read  the  whole  paper  as  carefully  as  Daly  has 
evidently  done.    The  phrase  "without  foreign  contamination" 
*Jow.  Geol.,  XXVI  (1918),  117. 
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• 

was  inserted  in  the  definition  to  make  it  expressive  of  the  general 
agreement  among  petrologists  to  exclude  from  the  category  of 
differentiation  those  variations  of  igneous  rocks  that  result  purely 
and  solely  from  assimilation  of  foreign  material.  That  syntectic 
magma  so  formed  could  not  suffer  differentiation  was  no  part  of 
the  intent  of  the  definition. 

In  that  part  of  the  paper  in  which  he  discusses  the  differentia- 
tion of  a  syntectic  magma  the  writer  does,  however,  state  his 
belief  that  such  differentiation  must  usually  be  of  limited  scope, 
giving  his  reasons  and  describing  the  limiting  factors.  Contrasted 
with  this  is  the  assertion  of  Loewinson-Lessing,  to  which  Daly 
offers  adherence,  that  "a  small  degree  of  contamination  with  foreign 
material  may  change  equilibrium  in  the  magma,  which,  therefore, 
separates  into  strongly  contrasted  parts."'  Such  a  generalized 
statement  leaves  one  wondering  as  to  the  natiure  of  the  equilibrium 
referred  to.  Between  what  is  the  equilibrium  ?  What  is  the  nature 
of  the  strongly  contrasted  parts  ?  Are  they  solid,  liquid,  or  gase- 
ous? Do  rocks  show  the  evidences  of  such  processes?  Have 
analogous  processes  been  encountered  in  ejq>erimental  science, 
and  is  the  analogy  of  real  significance  ? 

In  going  on  to  a  discussion  of  differentiation  Daly  proceeds  to 
enumerate  what  may  be  called  the  imits  of  differentiation.  Some 
of  these  are  presxmiably  the  strongly  contrasted  parts  formed  as 
a  result  of  the  disturbance  of  equilibrium  mentioned  above,  but 
no  particular  mention  is  made  of  those  that  are  to  be  so  regarded, 
nor  is  any  discussion  offered  of  the  manner  in  which  solution  of 
solid  rock  causes  the  separation  of  the  imits. 

The  units  enumerated  by  Daly  are  the  following: 

1.  Contrasted  fluid  phases  of  an  initially  heterogeneous  magma, 
including  parts  particularly  rich  in  volatile  constituents." 

2.  Solid  crystals  (fractional  crystallization). 

3.  Mother-liquor  left  after  partial  crystallisation. 

.  '  This  is  Daly's  form  of  expression  of  the  Loewinson-Lessiiig  idea. 

*  Units  of  type  i  need  not  be  considered,  for  according  to  Daly*s  own  statements 

on  the  page  immediately  preceding,  "rock  phases  resulting  from  originally  different 

parts  of  the  magma  can  be  called  differentiates  only  by  destroying  the  useful  definition 

of  differentiation  already  adopted  by  most  petrologists, "  and  in  this  the  writer  concuis. 
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4.  Non-consolute  liquid  fractions  (liquid  immiscibility). 

5.  Material  of  fused  coimtry  rock,  not  diffused  into  the  original 
magma  (ultra-metamorphism  in  part). 

6.  Original  magma  locally  charged  with  material  dissolved 
from  the  country  rock  but  slowly  diflfusing  from  the  source  of 
supply  (syntexis). 

Units  5  and  6  are  plainly  produced  by  the  acquisition  of  foreign 
material  but  cannot  be  regarded  as  a  separation  of  the  original 
magma  into  contrasted  parts  as  a  result  of  this  acquisition.  The 
contrast  is  rather  between  the  original  magma  and  the  included 
foreign  material.  No  doubt  such  units  are  real  factors  in  differ- 
entiation, but  one  may  reasonably  question  whether  they  are  of 
great  importance.  Differentiates  formed  from  such  material 
would  have  no  necessary  consanguinity  with  other  differentiates 
formed  from  the  magma  itself,  since  their  composition  would' 
depend  principally  on  the  nature  of  the  included  material,  that  is, 
on  a  purely  accidental  circumstance.  It  is,  however,  the  fact  that 
differentiates  do  normally  show  consanguinity  that  has  led  to  the 
whole  conception  of  differentiation  in  petrology.  A  differentiate 
formed  by  the  accumulation  of  these  clots  of  foreign  material  would 
necessarily  show  a  very  simple  chemical  relationship  with  the 
available  foreign  material.  It  is  the  fact  that  this  simple  relation 
does  not  exist  that  led  Daly  himself  to  reject  purely  marginal 
assimilation,  and  that  should  furnish  an  equally  cogent  reason  for 
rejecting  accumulation  of  xenolith  material  as  an  important 
factor. 

Daly's  case  is  much  stronger  in  this  respect  when  he  assumes 
complete  assimilation  (usually  abyssal)  of  the  foreign  material 
and  subsequent  differentiation  of  the  syntectic  magma,  for  then 
all  the  differentiates  would  show  the  requisite  consanguinity. 
We  are  thus  brought  back  to  a  consideration  of  the  separation  of 
phases  (in  the  more  definite  physicochemical  sense  of  the  term) 
as  the  fundamental  factor  in  differentiation,  and  the  possible 
units  then  become  those  enumerated  by  Daly  as  2,  3,  and  4. 
The  processes  involved,  namely  the  separation  of  a  crystalline 
phase  or  of  a  non-consolute  liquid  phase,  must  be  regarded  as 
possible  factors  in  the  differentiation  not  merely  of  Daly's  syntectic 
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magmas  but  of  normal  uncontaminated  magmas.  Daly  considers 
differentiation  as  particularly  prone  to  occur  in  syntectic  magma 
because  "equilibrium  is  upset"  by  the  foreign  material.  The 
writer,  on  the  other  hand,  gives  his  reasons  for  believing  that  the 
chilling  effect  normally  consequent  upon  the  immersion  and  solution 
of  foreign  material  in  a  magma  is  sufl5dent  to  limit  very  materially 
the  differentiation  of  magma  that  has  been  so  affected,'  and  thus 
arrives  at  substantial  agreement  in  this  respect  with  Harker  when 
he  makes  the  statement,  "Hybrid  rocks  are  barren."  In  this 
connection  it  seems  desirable  to  consider  a  statement  made  by 
Shand,  to  which  Daly  refers  with  approval.'  The  statement  is 
that  foyaitic  or  phonoKtic  magmas  may  enter  "into  chemical 
combination  with  the  silica  of  invaded  rock  masses.  The  reactions 
thereby  induced  would  be  exothermic  and  would  tend  to  raise  the  temper- 
ature  of  the  magma.  The  access  of  heat  produced  in  this  way  would 
in  turn  enable  the  magma  to  perform  a  further  amount  of  work  in  the 
way  of  mechanical  solution^^  In  short,  one  might  say  that  the 
addition  of  solid  rock  to  a  magma  is,  in  this  case  and  possibly  in 
others,  a  mere  adding  of  fuel  to  the  flames.  The  conception  prob- 
ably had  its  origin  in  the  long-used  terms  "acid"  and  "basic" 
as  applied  to  igneous  rocks,  and  in  an  unconscious  extension  of 
the  analogy  implied  in  these  terms.  It  is  true  that  when  an  acid  is 
added  to  a  base  they  unite  with  avidity,  so  much  so  that  one 
must  make  the  addition  with  care  on  account  of  the  consequent 
rise  in  temperature.  No  such  care  is  necessary  when  silica  is 
added  to  molten  nephelite.*  Even  at  a  temperature  of  1550**  C, 
where  the  product  of  the  reaction  (albite)  is  superheated  over 
400°  C,  silica  dissolves  in  nephelite  with  excessive  reluctance. 
Indeed  experimental  study  suggests  that  the  following  general 
equation  could  be  written  with  some  confidence:  molten  rock+ 
solid  rock = molten  rock— x  cal.  It  is  not  improbable,  however, 
that,  in  some  cases  at  least,  the  following  equation  would  hold: 
molten  rock+molten  rock  =  molten  rock+x  cal.     In  other  words, 

»  "The  Later  Stages  of  the  Evolution  of  the  Igneous  Rocks,"  Jour,  Ged,,  XXm 
(1915),  Supplement,  pp.  85-86. 

» Jour.  Geol.f  XXVI  (1918),  no.  » lulics  are  mine. 

<N.  L.  Bowen,  "The  Composition  of  Nephelite,"  Amer,  Jour.  Set.,  XXXIII 
(191 2),  so. 
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it  may  be  regarded  as  not  improbable  that  two  molten  magmas 
might  in  some  cases  mix  with  evolution  of  heat,  but  that  the 
solution  of  solid  rock  in  molten  magma  is  ever  accompanied  by 
evolution  of  heat  may  be  regarded  with  extreme  doubt.  It  is 
this  reasoned  conviction  that  has  led  the  writer  to  limit  the 
importance  of  assimilation. 

LIQUID  IMMISCIBILITY  AS  A  FACTOR  IN  DIFFERENTIATION 

Having  in  mind  then  the  factors  that  may  be  considered  to 
restrict  the  formation  and  differentiation  of  syntectic  magmas,  we 
may  now  ret\im  to  the  question  of  the  separation  of  phases  as  the 
agency  of  differentiation  of  magmas,  presumably  dominantly 
juvenile  and  uncontaminated.  .The  possible  phases  are,  as  we  have 
seen,  the  units  2,  3,  and  4  of  Daly.  Units  2  and  3  are,  of  course, 
necessarily  concomitant,  and  to  them  the  writer  assigns  the  funda- 
mental r61e  in  differentiation,  but  Daly  is  inclined  to  belittle  their 
imjKjrtance  in  favor  of  unit  4,  that  is,  non-consolute  liquid  phases. 
The  writer  considers  these  to  be  non-existent  in  silicate  magmas, 
this  conclusion  being  based  in  part  on  experimental  evidence.  Not 
a  single  example  of  liquid  immiscibility  among  silicates  has  been 
encountered  in  experimental  work,  in  metallurgical  practice,  or 
in  any  of  the  many  industries  where  molten  silicates  are  treated. 
The  single  example  of  immiscibility  of  which  there  is  good  evidence 
in  natural  rocks,  that  between  silicates  and  sulphides,  is  promptly 
revealed  experimentally  and  in  metallurgical  practice.  To  many, 
however,  the  experimental  evidence  will  never  be  convincing. 
When  the  range  of  experimentation  with  silicates  shall  have  been 
extended  to  pressures  of  20,000  atmospheres  it  will  be  possible  to 
state  that  at  pressures  of  30,000  atmospheres  wholly  different 
phenomena  might  occur.  Or  again,  an  experiment  made  by  human 
hands  will  probably  never  be  prolonged  to  such  a  degree  that  its 
duration  might  be  measured  in  centuries,  so  that  it  will  always  be 
possible  to  say  that  the  time  factor  was  not  adequately  considered. 
However,  it  is  desirable  to  give  some  consideration  to  that  experi- 
mental evidence  which  Daly  brings  forward,  and  which  seems  to 
him    to   indicate   the  probability   of    immiscibility   under   high 
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pressures.  The  suggestion  is  that  high  pressure  may  induce  under- 
cooling, and  that  inuniscibility  may  result  from  the  undercooling. 
This  suggestion  arose  from  experiments  made  by  Bridgman,  in 
which  imdercooling  of  liquids  became  more  marked  imder  higher 
pressures.  Daly  imagines  that  magmas  may  become  similarly 
imdercooled  imder  pressure,  and  that  in  the  imdercooled  condition 
unmixing  may  occur.  Assuming  the  undercooling,  it  must  be 
admitted  that  a  certain  possibility  of  the  formation  of  non-consolute 
liquids  is  thereby  introduced,  for  examples  are  known  in  which 
mixed  liquids  that  are  otherwise  completely  hiiscible  develop 
inuniscibility  when  imdercooled.  But  such  liquids  reveal  this 
peculiarity  by  having  a  freezing-point  curve  of  a  peculiar  and  char- 
acteristic shape.'  Curves  of  this  shape,  or  even  remotely  suggesting 
it,  have  not  been  noted  among  the  liquidus  ciurves  for  silicates,  so 
that  it  may  be  regarded  as  imlikely  that  undercooling  can  develop 
immisdbiltty  in  silicates. 

Quite  apart,  however,  from  the  question  of  the  probable  eflFect 
of  imdercooling,  we  may  point  to  the  complete  failure  of  igneous 
rocks  to  show  evidence  of  undercooling  when  occurring  in  the  largest 
masses  available  for  human  inspection,  viz.,  batholiths.  Indeed, 
if  we  consider  the  series  that  begins  with*  a  glassy  lava,,  passes 
through  a  glassy  lava  with  spherulites,  through  felsitic  and  fine 
granular  textures,  and  ends  with  a  coarse  granular  panidiomorphic 
texture,  we  find  definite  evidence  of  a  continuous  decrease  in  the 
degree  of  undercooling  under  which  crystallization  took  place. 
The  abyssal  rocks  are  therefore  characterized  by  a  decidedly 
limited  degree  of  undercooling,  and  the  great  magma  reservoirs  (if 
by  this  is  meant  something  deeper  than  batholithic  masses  that 
become  exposed)  are  exceedingly  unlikely  seats  of  significant 
undercooling.  All  of  this  is  in  accord  with  the  laboratory  experi- 
ence that  if  one  wishes  to  undercool  a  substance  he  must  use  a 
small  quantity  of  it.  The  particular  conditions  not  covered  experi- 
mentally and  urged  by  Daly  as  possible  conditions  favoring  immisci- 
bility  do  not,  therefore,  seem  promising  in  that  direction. 

The  writer's  second  reason  for  rejecting  immiscibility  is  not 
adequately  stated  by  Daly.    He  states  it  as  being  the  "high 

'Boeke,  Grundlagen  der  pkysikalisck-chemischev^-Petrographie,  p.  113. 
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melting  temperatures  of  oKvine,  magnetite,  and  other  components 
of  mononuneraKc  rocks. "  This  is  in  reality  a  collateral  considera- 
ticm,  the  reason  being  rather  that  natural  rocks  fail  to  show  the 
kind  of  evidence  that  they  would  of  necessity  show  were  immisd- 
bility  a  fact;  indeed,  it  is  incredible  that  anyone  who  has  followed 
the  process  to  its  inevitable  consequences  could  favor  immiscibility 
in  magmas. 

A  feature  of  igneous  rocks  that  has  led  Grout,'  Daly,  and  a 
nxmiber  of  others  to  favor  immiscibility  is  the  fact  that  two  adja- 
cent rocks  that  are  evidently  closely  related  frequently  show  a  very 
abrupt  transition  from  the  one  to  the  other.  Yet  a  brief  considera- 
tion of  liquid  immiscibility  should  show  that  it  is  not  as  likely  to 
give  discontinuous  variation  as  is  crystallization.  It  is  true  that 
if  two  liquids  that  are  only  partially  miscible  are  shaken  together  in 
a  flask  two  different  liquids  are  formed,  and  if  the  flask  be  set 
aside  they  will  become  two  separate  layers  with  a  definite  boimding 
surface.  If  the  temperature  is  kept  constant  these  two  distinct 
and  sharply  boimded  layers  will  persist.  However,  if  the  immisci- 
bility is  the  result  of  cooling  a  homogeneous  solution  the  behavior 
is  not  so 'simple.  In  this  case  a  certain  amoimt  of  immiscible 
globules  should  form  in  the  liquid  when  a  certain  temperature  is 
reached,  and,  even  if  time  were  allowed  then  for  the  collection  of 
the  globules  as  a  separate  layer,  more  immiscible  globules  would 
form  in  each  layer  as  soon  as  cooling  was  resxuned.  And  when  cool- 
ing had  proceeded  to  the  point  where  crystallization  ensued  a 
marked  increase  in  the  separation  of  immiscible  globules  would 
occur  in  association  with,  and  as  a  necessary  consequence  of,  the 
separation  of  crystals.  We  thus  see  that  immiscibility  is  not  a 
process  taking  place  at  an  early  stage  of  cooling  as  a  result  of 
wiiich  a  sudden  separation  of  a  liquid  into  two  liquid  layers  occurs. 
The  separation  is  rather  a  formation  of  small  globules  that  grow 
slowly  by  diffusion  and  can  collect  as  a  separate  layer  only  by 
comparatively  slow  movement  in  response  to  gravity.  Neither  is 
immiscibility  a  process  that  is  completed  at  a  very  early  stage  in 
the  cooling  history,  and  of  which  all  evidence  is  destroyed.  It  is 
a  process  that  may  begin  very  early  but  must  continue  until  the 

'  "A  Type  of  Igneous  Diflferentiation, "  J<mr.  Ged,,  XXVI  (1918),  656. 
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later  stages  of  crystallization,  and  the  evidence  of  it  would  be  as 
obvious  and  unfailing  as  the  evidence  of  crystallization  itself. 
The  complete  collection  of  all  the  inuniscible  liquid  as  a  separate 
and  distinct  layer  is  as  unlikely  as  the  complete  collection  of  a  kind 
of  crystals  whose  separation  continues  imtil  a  late  stage. 

We  may  perhaps  make  dear  these  facts  regarding  immisdbility 
by  discussing  the  simplest  possible  binary  example.  Figure  i 
presents  the  temperature-composition  relations.    When  a  liquid 

of  composition  x  is 
cooled  to  the  tempera- 
ture FKy  liquid  of  com- 
position K,  that  is,  a 
liquid  rich  in  B,  begins 
to  separate  from  it,  and 
as  cooling  proceeds  the 
composition  of  the  one 
liquid  changes  along  F£ 
and  of  the  other  along 
KD.  The  liquid  repre- 
sented by  points  on  FE 
decreases  in  amount, 
and  that  represented 
by  points  on  KD  in- 
creases in  amount. 
The  first  separation  of 
liquid  must  be  repre- 
sented by  the  forma- 
tion of  minute  nudei 
that  grow  to  larger  and 
larger  globules  as  the  cooling  proceeds,  and  as  a  result  of  the 
slow  diffusion  of  material  to  these  globules.  There  is  no  reason 
why  this  process  should  be  accomplished  any  more  rapidly  for 
separated  liquid  than  for  separated  crystals.  If  the  separated  glob- 
ules were  heavier  than  the  general  mass  of  liquid  they  would  sink, 
and  here  enters  the  possibility  of  the  growth  of  tliese  globules  to 
much  larger  dimensions  than  crystals,  because  two  globules  encoun- 
tering each  other  may  coalesce.    The  formation  of  very  large 


Fig.  I. — Illustrating  behavior  of  a  binary  mixture, 
with  partial  miscibility. 
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globules  in  this  manner  would  result  in  their  more  rapid  acciunula- 
tion  as  a  separate  layer.  It  should  be  noted,  however,  that  this 
rapidity  of  accimiulation  could  never  result  in  the  complete  accimiu- 
lation  of  all  the  globules  as  a  separate  layer.  If,  for  example, 
cooling  were  interrupted  at  some  temperature  between  FK  and 
EDy  and  time  allowed  for  the  accimiulation  of  all  the  globules  as  a 
separate  layer,  as  soon  as  cooling  was  resimied  new  globules  would 
form  in  each  layer,  and  their  accimiulation  by  the  slow  process  of 
gravitative  adjustment  would  begin  again.  It  is  plain  then  that 
whatever  complications  are  assumed  the  magma  must  arrive  at 
the  temperature  ED  in  a  blotchy  condition,  many  of  the  blotches 
being  of  rather  large  dimensions  as  a  result  of  the  coalescence  of 
globules.  By  large  dimensions  is  meant  a  diameter  several  times, 
perhaps  very  many  times,  the  diameter  of  the  crystals  in  the  average 
plutonic  rock.  At  the  temperature  ED,  when  the  liquids  in  equilib- 
rium have  the  composition  E  and  Z),  crystallization  begins,  crystals 
of  A  separating.  It  is  important  to  note  the  nature  of  the  first 
crystals  separating,  for  it  will  be  recalled  that  the  liquid  separating 
was  rich  in  B,  Those  who  advocate  the  separation  of  olivine, 
pyroxene,  plagioclase,  etc.,  as  inMniscible  liquid  tacitly  assume  a 
correspondence  between  the  kind  of  material  that  would  separate 
early  as  a  liquid  and  the  kind  of  material  that  we  know  from  experi- 
mental and  petrographic  experience  separates  early  as  crystals. 
As  a.  matter  of  fact  there  is  no  necessary  relation,  and  the  fact  that 
correspondence  must  be  assumed  in  each  individual  case  is  sufficient 
in  itself  to  throw  doubt  on  a  process  requiring  such  an  assumption. 
Continuing  the  consideration  of  the  cooling  of  the  mixture, 
which  had  been  carried  to  the  stage  of  the  beginning  of  crystalli- 
zation, at  the  temperature  £Z>,  we  find  that  crystals  of  A  would 
separate,  and  that  as  a  necessary  consequence  more  liquid  of  com- 
position D  would  be  formed  and  some  liquid  of  composition  E 
would  be  used  up.  Thesq  reactions  would  continue  at  constant 
temperature  with  the  amount  of  crystals  A  and  the  amount  of  liquid 
D  increasing  at  the  expense  of  liquid  E  until  finally  all  of  liquid  E 
would  disappear,  when  the  whole  mass  would  be  made  up  of  about 
80  per  cent  of  crystals  A  and  20  per  cent  of  liquid  D,  We  thus  see 
that  up  to  a  time  when  the  mass  is  largely  crystalline  two  liquids  are 


Digitized  by 


Google 


404  N,  L,  BOWEN 

present,  and  the  crystalline  product  cannot  fail  to  show  the  blotchy 
condition  that  this  predicates.  The  evidence  of  immiscibility 
would  not  be  confined  to  rapidly  chilled  flow  and  dike  rocks  alone, 
though  it  would  presumably  be  especially  clear  in  them.  Further 
cooling  would  result  simply  in  the  separation  of  more  crystals  of  A 
with  a  consequent  change  in  the  composition  of  the  liquid  from  D 
to  C,  where  eutectic  crystallization  of  both  A  and  B  would  occur. 
It  will  be  noted  too  that  the  liquid  C,  which  is  the  last  material  to 
crystallize,  is  closely  related  in  composition  to  the  liquids  K-D, 
the  first  material  to  separate  as  a  liquid.  This  is  important  in 
connection  with  the  well-recognized  parallelism  between  "Differ- 
entiationsfolge"  and  ''Kristallization$folge."  If  liquid  immisci- 
bility were  a  prominent  factor,  or  even  a  subsidiary  factor,  in  the 
differentiation  of  igneous  rocks  no  such  parallelism  would  exist. 

If  we  return  now  to  those  discontinuous  changes  of  composition 
in  associated  igneous  rocks  that  have  led  to  the  suggestion  of 
.  immiscibility,  we  may  make  the  discussion  more  concrete  by  refer- 
ring to  a  specific  case  for  which  immiscibility  has  been  invoked, 
viz.,  the  case  of  the  Duluth  laccolith.  Grout  has  concluded  that 
the  material  of  this  great  laccolith  or  lopolith,  as  it  has  been  called, 
was  intruded  as  a  homogeneous  magma,  that  crystallization- 
differentiation  controlled  by  convection  currents  and  gravity 
ensued,  whereby  the  peridotite  and  banded  gabbro  were  produced, 
and  that  when  a  certain  stage  of  crystallization  had  been  reached 
the  material  of  the  red  rock  separated  from  the  gabbro  as  an  immis- 
cible liquid.*  The  first  stages  of  this  process,  with  modifications 
that  are  perhaps  not  fundamental,  the  writer  is  able  to  agree  with, 
but  he  can  see  nothing  in  the  described  Duluth  rocks  to  warrant  the 
assimiption  of  immiscibility,  nor  indeed  in  any  other  igneous  series 
that  shows  this  association  of  gabbro  and  granophyre  without 
intermediate  types.  The  kind  of  inmiiscibility.assumed  by  Grout, 
namely  that  which  ensues  only  after  a  certain  amount  of  crystalli- 
zation has  occured,  is  in  no  sense  different  from  that  which  we  have 
discussed.  Indeed  some  of  the  liquids  of  the  system  described  show 
this  behavior,  viz.,  those  having  a  composition  lying  between  A 
and  E  (Fig.  i).    This  liquid,  which  formed  only  after  crystallization 

» Jour.  Geol.,  XXVI  (1918),  658. 
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was  well  advanced,  would  form  throughout  the  gabbro,  and  some  of 
it  would  have  to  rise  through  several  thousand  feet.  Granting 
that  this  was  possible  at  a  certain  stage  and  complete  accumulation 
of  -the  liquid  took  place,  what  has  become  then  of  the  further 
quantity  of  like  liquid  that  must  have  separated  when  the  conditions 
causing  its  first  separation  became  intensified,  that  is,  when  crystal- 
lization of  the  gabbro  was  carried  farther  ?  Unquestionably  clots 
of  such  material  should  occur  everywhere  throughout  the  gabbro. 
When  it  is  realized  too  that  experimental  studies  have  shown  beyond 
peradventure  that  a  material  rich  in  alkaUc  feldspar  and  free  silica 
is  a  possible  crystallization  residuum  of  a  gabbro  magma  and  espe- 
cially of  an  olivine  gabbro  the  assimiption  of  immiscibility  is  seen 
to  be  quite  gratuitous.  This  is  more  especially  true  for  that  great 
number  of  examples  where  the  acid  material  occurs  in  part  as 
granophyric  interstices  in  the  gabbro  phjise,  for  there  it  is  plainly  a 
crystallization  residuimi  occupying  crystallization  interstices  and 
not  occurring  as  the  clots  that  one  would  expect  of  an  inmuscible 

liquid. 

« 

CRYSTALLIZATION  AS  THE  CAUSE  OF  DISCONTINUOUS  VARIATION 

This  association  of  gabbro  and  granophyre  without  intermediate 
types,  of  which  Grout  has  collected  a  nimiber  of  examples  from  the 
literature,  is  a  feature  of  igneou&rocks  well  recognized  by  the  writer.* 
It  is  true  that  in  discussing  crystallization-differentiation  it  was 
shown  that  a  complete  series  might  be  formed,  extending  from 
gabbro  to  granite  with  every  intermediate  step,  but  there  is  no 
necessity  that  the  series  be  complete.  Only  in  a  very  large  mass  is 
such  a  series  to  be  expected,  where  not  only  the  great  size  but  con- 
ditions of  comparative  quiet  concurred  to  produce  great  freedom 
in  the  settling  of  crystals.  In  masses  of  moderate  size  the  differen- 
tiation, if  it  can  be  so  called,  may  be  a  localized  affair  occurring 
about  each  individual  crystal,  where  the  separation  of  the  earliest 
crystalline  material  from  its  mother-Uquor  is  accomplished  not  by 
its  sinking  but  by  the  formation  of  zones  about  it.  In  this  case  the 
late  differentiate  occurs  merely  as  interstitial  material.  If  this 
zoning  action  is  combined  with  only  a  limited  amoimt  of  sinking  of 

'  N.  L.  Bowcn,  "The  Problem  of  the  Anorthosites, "  Jour.  Ged.,  XXV  (1917),  227. 
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crystals  one  can  obtain  a  mass  showing  the  last  liquid  as  an  upper 
layer  and  also  as  interstitial  material  in  part  of  the  rest  of  the 
mass.  This  is  likely  to  give  a  pair  of  rocks  showing  that  marked 
contrast  between  a  granophyre  on  the  one  hand  and  a  diabase  or 
gabbro  with  only  granophyric  interstices  on  the  other.  Daly  has 
failed  to  grasp  the  significance  of  zoning  in  producing  grano- 
phyric interstices  and  seeks  to  destroy  the  whole  theory  of 
crystallization-differentiation  at  one  fell  blow  by  pointing  out  that 
pyroxene,  olivine,  and  plagioclase  have  not  sunk  out  of  granophyric 
diabase.'  It  is  not  necessary  that  they  should,  for  the  prevention 
of  reaction  between  crystals  and  the  liquid  from  which  they  sepa- 
rated may  be  accomplished,  as  we  have  seen,  not  only  by  a  spatial 
separation  but  also  by  a  localized  mechanical  separation  due  to 
zoning. 

There  is,  however,  a  third  method  of  separation  of  liquid  from 
crystals  that  is  probably  the  principal  agent  of  production  of  those 
discontinuous  variations  frequently  seen  in  rock  series  and  particu- 
larly that  shown  in  the  gabbro-granite  (granophyre,  etc.)  associa- 
tion. It  is  the  squeezing  out  of  residual  liquor  at  a  stage  when 
the  mass  is  largely  crystalline,  and  it  is  many  times  more  promising 
as  a  possible  cause  of  discontinuous  variations  than  is  any  process 
of  limited  liquid  miscibiUty,  which,  as  we  have  seen,  is  a  continuous 
process  requiring  the  slow  action  of  gravity  as  an  ally  and  not  sig- 
nificantly more  competent  than  crystal  settling  to  produce  dis- 
continuity. This  squeezing  out  of  liquid  is  a  process  that  is  at  first 
thought  difficult  to  visualize,  yet  it  is  one  that  must  be  a  very  real 
factor  in  igneous  rock  genesis.  It  is  the  sort  of  thing  one  may  see 
at  any  time  when  walking  on  the  wet  sand  of  a  beach.  The  foot 
leaves  a  slight  imprint  in  the  sand  that  is  surroimded  by  an  area 
where  the  surface  of  the  sand  is  particularly  wet.  The  mass  as  a 
whole  is  sensibly  incapable  of  flow,  so  that  the  pressure  of  the  foot 
results  merely  in  a  more  efficient  close-packing  of  the  sand  grains 
coming  immediately  under  its  influence,  with  a  consequent  squeez- 
ing of  water  into  the  surroimding  sand,  where  some  of  it  exudes 
upon  the  surface.  On  the  other  hand,  in  very  wet  sand  or  in  mud 
the  whole  mass  may  flow  imder  the  foot.    The  filter-press  action 

^Jour,  Geol.,  XXVI  (1918),  121. 
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exhibited  by  the  sand  is  but  roughly  analogous  to  the  phenomena 
possible  in  a  partly  crystallized  magma  but  may  serve  as  a  starting- 
point  in  the  discussion.  The  relative  movement  of  liquid  with 
respect  to  crystals  by  this  general  method  is  probably  not  normally 
possible  with  rock  materials  before  the  crystals  have  grown  together 
into  a  mesh.  In  order  to  discuss  the  action  here  suggested  we  shall 
assume  specific  cases  and  consider,  as  well  as  may  be,  the  mechanics 
of  the  process. 

Laccolith  with  upper  late  differentiate. — ^Assume  that  a  sheetlike 
mass  of  magma  is  injected  between  two  members  of  a  sedimentary 
series,  with  sUght  arching  of  the  upper  member  so  that  a  flat 
laccolithic  mass  is  produced.  The  fact 
that  the  sheet  was  injected  at  that 
horizon  may  be  regarded  as  being  prob- 
ably determined  by  the  competency  of 
the  member  immediately  above  it.  If 
this  terrane  is  being  acted  upon  by  a 
compressive  thrust  the  tendency  will 
be  to  shorten  the  lateral  dimensions, 
and  the  competent  member  will  yield 
by  forming  a  more  pronoimced  arch, 
while  the  relatively  incompetent  beds 
immediately  beneath  the  mass  will 
yield  by  shortening  and  thickening. 
This  action,  going  on  slowly,  will  result  in  a  thickening  and 
shortem'ng  of  the  laccolithic  mass,  which  offers  no  resistance  until 
crystallization  has  proceeded  to  such  an  extent  that  the  crystals 
touch  each  other  and  have  grown  together  into  a  strong  frame- 
work. When  suflSciently  strong  this  crystal  mesh  may  finally  be 
able  to  sustain  the  thrust  and  cause  a  pause  in  the  shortening  action. 
The  condition  then  existing  might  be  represented  by  Fig.  2a. 
The  stress  may  accumulate  until  finally  the  crystal  mesh  begins  to 
break  down,  whereupon  the  beds  beneath  will  yield  as  before,  and 
the  competent  beds  above  will  bend  as  before.  Likewise,  coin- 
cident with  the  beginning  of  the  breakdown  of  the  crystal  mesh 
the  interstitial  liquid  will  feel  the  pressure  of  the  thrust  and  will 
transmit  it  hydrostatically  to  all  parts  of  the  mass,  and  the  vertical 


Fig.  2. — {a)  Laccolith  at  an 
advanced  stage  of  crystallization ; 
(6)  same  after  being  subjected  to 
lateral  pressure  at  this  stage. 
Shows  squeezing  of  residual 
liquid  (late  differentiate)  into 
the  crown  of  the  arch. 
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component  of  this  hydrostatic  pressure  on  the  liquid  will  aid  in 
emphasizing  the  up-arching  of  the  beds  of  the  roof.  As  the  crystal 
mesh  progressively  breaks  down,  and  the  horizontal  dimensions  are 
shortened  in  consequence  of  closer  packing  of  crystals,  there  will 
be  a  flow  of  the  interstitial  liquid  into  the  space  developed  by  the 
up-arching  of  the  roof.  All  three  actions — shortening  of  the  lateral 
dimensions  by  closer  packing  of  crystals,  up-arching  of  the  roof, 
and  movement  of  the  liquid — go  on  pari  passu  and  are  thoroughly 
interdependent.  When  the  crystals  have  become  sufficiently 
closely  packed  to  withstand  the  thrust  the  whole  action  must 
cease,  and  of  course  may  cease  sooner  for  other  reasons.  The  result- 
ant mass  is  therefore,  in  the  simplified  case  we  have  assimied,  a 
laccolith  showing  marked  differentiation,  with  a  rock  represented 
by  crystalline  material  separated  from  the  original  magma  as  a  lower 
differentiate,  and  as  an  upper  differentiate  material  represented  by 
a  late  residual  liquid  (Fig.  26).  The  differentiation  would  be 
markedly  discontinuous,  the  later  differentiate  would  have  an 
intrusive  relation  to  the  earlier  in  places,  in  other  places  there  would 
be  a  rather  abrupt  transition,  and  yet  the  relations  would  not  indi- 
cate successive  intrusion  in  the  ordinary  sense  of  the  term.  In  so 
far  as  this  action  is  incapable  of  occurring  before  a  certain  degree  of 
crystallinity  has  been  attained,  there  should  be  a  tendency  toward 
a  fairly  constant  contrast  between  the  two  differentiates  in  the 
matter  of  composition.  On  the  other  hand  there  is  no  necessity  for 
constant  relative  proportions  in  their  amounts.  Associated  igneous 
rocks  when  formed  by  this  method  should  present,  therefore,  a 
fairly  constant  hiatus  as  compared  with  the  complete  igneous  series 
that  is  capable  of  production  under  other  circmnstances.  Any 
mass,  not  necessarily  of  the  simple  shape  we  have  assumed  but 
capable  of  being  acted  upon  in  the  same  general  manner,  should 
give  a  closely  related  result,  so  that  the  general  phenomenon  might 
well  be  of  widespread  occurrence.  The  gabbro-granophyre 
association  fulfils  every  requirement. 

An  example  of  the  extreme  simplicity  we  have  pictxu'ed  will  of 
course  never  be  found.  One  of  the  principal  complications  results 
from  the  fact  that  the  freezing  of  such  a  mass  will  take  place  from 
the  outer  layers  inward,  except  for  such  modification  of  this  behavior 
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as  is  introduced  by  crystal  settling.  As  a  result  of  this  more 
advanced  consolidation  of  outer  layers  an  upper  layer  may  become 
more  or  less  definitely  a  part  of  the  upper  competent  member  of 
the  stratified  series  and  may  act  in  conjimction  with  it  during  the 
process  of  up-arching.  The  later  differentiate  would  not  normally, 
therefore,  be  the  uppermost.  It  would,  indeed,  be  located  more 
nearly  toward  the  central  part  of  the  mass  according  to  the  degree 
of  this  freezing  inward  from  the  roof. 

Sheei  wUh  thin  central  late  differentiate. — ^In  certain  cases  where 
the  freezing  has  been  nearly  symmetrical  at  the  top  and  bottom  of 
a  sheetlike  mass  a  horizontal  thrust,  occurring  at  a  time  when  there 
was  still  a  thin  layer  mostly  liquid  centrally  placed,  might  cause  a 
general  shortening  of  the  lateral  dimensions  of  the  sheet,  with 
consequent  thickening  vertically.  These  would  take  place  con- 
comitantly and  would  be  accomplished  by  closer  packing  of  the 
crystals  in  the  outer  layers,  where  crystallization  was  well  advanced, 
and  a  thickening  of  the  originally  thin  central  liquid  layer  by  inflow 
of  the  interstitial  liquid  from  the  outer  layers.  There  would  thus 
be  formed  a  mass  having  a  thin  central  later  differentiate  with  an 
intrusive  to  transitional  relation  to  its  surrotmdings,  and  with  a 
distinct  tendency  toward  a  streaky  development,  for  the  liquid 
squeezed  in  from  the  layers  where  crystallizatibn  was  well  advanced 
would  differ  from  the  liquid  already  present  in  the  narrow  central 
band  when  this  action  began. 

Thick  central  late  differentiate. — ^There  is  also  a  very  simple 
method  whereby  a  sheetlike  mass,  whether  dyke  or  sill,  can  develop 
locally  a  very  thick,  centrally  placed  layer  of  this  late  differentiate. 
It  is  the  warping  of  the  containing  walls  of  the  sheet,  with  con- 
sequent thickening  of  the  sheet  in  a  certain  place  and  thinning  of  it 
elsewhere.  If  this  takes  place  at  any  time  except  at  a  late  stage  of 
crystallization  it  will  normally  have  no  significant  result  in  the  way 
of  differentiation.  If  it  takes  place  at  a  time  when  the  crystal 
mesh  has  considerable  strength  it  may  have  important  conse- 
quences. We  shall  consider  a  segment  of  the  sheet  including  a  part 
that  has  been  thickened.  Figure  3a  represents  part  of  the  original 
sheet  and  Fig.  36  the  same  after  warping  of  the  walls.  In  the  section 
where  the  sheet  is  thinned  the  crystal  mesh  will  be  broken  down  and 
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the  crystals  more  closely  packed.  There  is  an  intermediate  neutral 
zone  in  which  the  sheet  retains  its  original  width  and  the  crystal 
mesh  remains  undisturbed.  This  portion  therefore  acts  as  a 
permeable  partition  through  which  the  interstitial  liquid  of  the 
thinned  portion  passes.*  As  the  walls  begin  to  move  apart  in  the 
thickened  portion  the  crystal  mesh  will  part  along  a  median  plane, 
for  there  it  is  weakest,  and  the  interstitial  liqiud  from  the  thinned 
portion  will  flow  in  to  occupy  the  space  afforded.  At  no  time  will 
there  be  any  space  in  the  sense  of  empty  space.  The  movement  of 
liquid  into  the  space  will  be  absolutely  concurrent  with,  and 
perhaps  a  contributing  cause  of,  the  development  of  the  q>ace. 

The  action  will  continue  until  a  proper 
balance  of  the  forces  involved  is  reached. 
In  certain  sections  the  thickness  of  the 
sheet  may  be  increased  to  several 
times  its  original  value,  and  the  late 
differentiate  may  be  a  very  thick  cen- 

FiG.  3. — Sections  of  a  tabular     ^     1  r       j    •   j     j  1  .•  xi_»  1 

«,•»«  ^«v-  «..  «;ii.  f^\  .f .«     tral  band,  mdeed  several  tunes  as  thick 

mass,  dyke,  or  sill:    {a)  at  an  ' 

advanced  stage  of  crystalliza-  as  the  narrow  bands  of  the  early  differ- 

tion;  (6)  after  warping  of  walls  entiate  on  either  wall.    The  thinned 

at  this  stage  and  squeezing  of  ^^^^  ^yj  normally  be  thinned  only 

residual  liquid  (late  dinerentiate)  ^                                       ''                         ^       '' 

into  expanded  section.       "  a  moderate  amount,  so  that  relatively 

large  areas  must  be  thinned.    The  late 

differentiate  would  agaiij  have  an  intrusive  relation  to  the  earlier 

material  on  the  walls,  with,  however,  "welded"  contacts  and  locally 

a  transitional  relation  of  a  more  or  less  abrupt  nature.    This  action 

could  take  place  only  at  a  late  stage  of  crystallization,  when  the 

crystal  mesh  had  very  considerable  strength,  if  only  for  the  reason 

that  the"  neutral  zone  must  have  sufficient  strength  to  withstand  a 

considerable  difference  of  hydrostatic  pressure  on  opposite  sides  of 

it,  for  there  would  be  very  great  frictional  resistance  to  the  flow  of 

liquid. 

'  For  the  purpose  of  presentation  of  the  conception  in  particularly  simple  fonn 
this  definite  neutral  zone  is  assumed.  Its  existence  is,  however,  not  essential  to  the 
action  described.  It  is  merely  necessary  that  the  breakdown  of  the  crystal  mesh 
should  go  on  progressively  as  statedl)n  p.  408.  This  will  bring  it  about  that  the  por- 
tion not  yet  broken  down  acts  at  any  instant  as  a  permeable  partition  preventing  the 
passage  of  crystals  and  p>ermitting  the  passage  of  liquid  from  the  portion  breaking 
down  at  that  instant. 
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It  is  suggested  that  the  various  kinds  of  filter-press  action  that 
have  been  discussed  hitherto  probably  cannot  take  place  before  the 
mass  is  80  per  cent  crystalline.  In  all  cases  we  should  have  a  marked 
hiatus  in  the  crystallization  series  that  could  have  formed  under 
conditions  favoring  continuous  differentiation,  that  is,  conditions 
favoring  crystal  settling.  Even  with  the  slow  cooling  and  the  quiet 
cooling  requisite  for  crystal  settling  a  certain  amoimt  of  the  filter- 
press  action  we  have  discussed  may  occur  when  crystal  accu- 
mulation has  proceeded  to  the  appropriate  degree.'  No  general 
discussion  of  the  combined  effect  will  be  attempted.  Instead  an 
explanation  will  be  offered  for  the  phenomena  exhibited  by  the 
si>ecial  example,  the  Duluth  lopolith. 

DIFrERENTIATION  IN  THE  DULUTH  LOPOLITH 

On  this  igneous  mass  Grout  has  recently  published  an  interesting 
series  of  papers.  It  is  a  large,  sheetlike  body  mainly  of  gabbroid 
composition  but  showing  differentiation,  with  masses  of  peridotite 
at  the  bottom,  a  great  thickness  of  olivine  gabbro  with  striking 
banded  effects  and  anorthositic  facies,  and  at  or  near  the  top  a- 
so-called  "red  rock"  or  granophjnre.  Grout  thinks  that  crystalli- 
zation was  a  prominent  factor  in  the  production  of  differentiation, 
and  that  convection  was  the  dominant  agent  in  bringing  about  the 
observed  distribution  of  crystals.  There  was  also  a  wholly  differ- 
ent tjrpe  of  differentiation,  according  to  Grout,  which  involved 
the  separation  of  the  red-rock  magma  from  the  partly  crystallized 
gabbro  magma  as  an  immiscible  liquid.  To  this  latter  phase  of 
his  conclusions  certain  objections  have  already  been  offered  that 
later  will  be  referred  to  again.  Any  type  of  differentiation  in  which 
crystallization  is  the  fundamental  factor  is,  in  the  writer's  opinion, 
much  more  likely  to  occur,  and  any  promising  process  that  may 
be  put  forward  as  conducive  to  the  localized  accumulation  of 
crystals  is  unlikely  to  meet  with  opposition  from  the  writer. 
Convection  does  not,  however,  seem  to  offer  any  promise.  Grout 
introduces  a  type  of  convection  called  two-phase  convection,  in 
which  a  mass  of  liquid  containing  susp'ended  crystals  is  considered 

■  A  combination  of  the  two  actions  is  probably  the  most  promising  explanation 
of  many  monomineralic  masses. 
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to  act  as  a  unit  and  to  sink  in  virtue  of  its  greater  aggregate  density. 
It  was  evidently  suggested  by  Daly's  two-phase  convection,  in 
which  the  two  phases  involved  were  liquid  and  gas  that  gave  a 
low  aggregate  density.    It  is  known  that  masses  of  foam  possess 
some  of  the  attributes  of  a  rigid  body,  and  it  might  therefore  be 
expected  that  localized  highly  vesicular  masses  of  lava  might 
act  as  a  gravitative  unit,  but  nothing  is  known  to  warrant  the 
extension  of  the  idea  to  a  liquid  containing  suspended  crystals. 
Moreover  there  appears  to  be  no  necessity  for  appealing  to  this 
unlikely  process,   since  ordinary  thermal  convection  would   be 
equally  effective  and  can  hardly  fail  of  occurrence  in  a  cooling 
mass  of  magma.'    However  this  may  be,  we  may  now  proceed  to 
consider  the  supposed  effects  of  convection.     Grout  njakes  some 
calculations  on  the  rate  of  convection  which  indicate  that  crystals 
formed  at  the  cooling  portion  near  the  top  could  be  carried  to 
the   bottom   in  half  an   hour.     No   reason  is  offered   for  this 
precipitate   haste.     Undoubtedly   many   years   were    available; 
indeed  Daly  considers  the  time  available  to  be  embarrassingly 
long  and  offers  it  as  an  objection  to  crystal  settling  that  the 
results  are  often  very  meager  when  the  duration  of  crystalliza- 
tion is  considered.    Moreover,  it  should  be  realized  that  a  cur- 
rent that  could  carry  crystals  down  in  half  an  hour  could  carry 
them  up  again  in  half  an  hour,  particularly  a  current  in  which 
a  mass  of  liquid  with  suspended  crystals  is  supposed   to   act 
as  a  luiit.     The  lagging  behind  and  lodgment  of  the  crystals 
at  the  bottom  as  the  currents  sweep  over  the  floor,  which  Grout 
considers  would  occur,  would  imdoubtedly  be  a  factor  in  the  case 
of  ordinary  thermal  convection  at  any  rate  (its  possibility  in  the 
two-phase  convection  pictured  by  Grout  may  be  doubted).     It 
should  be  realized,  however,  that  this  occurs  in  spite  of  convection 
and  in  virtue  of  the  superior  density  of  the  crystals  rather  than  in 
virtue  of  convection,  and  the  really  important  question  is  whether 
crystals  would  accumulate  at  the  bottom  more  effectively  by  this 
dragging-behind  process  than  they  would  by  simple  settling.     In 
other  words,  does  convection  act  as  an  aid  or  as  a  deterrent  to 

'  It  should  be  noted  that  the  writer  has  never  doubted  the  reality  of  convection  in 
magmas.    He  merely  doubts  its  efficacy  in  producing  differentiation. 
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crystal  settling?  The  answer  suggested  by  experience  is  that  it 
would  act  as  a  deterrent.  Sedimentation  in  nature  is  always 
delayed  by  convection,  and  in  the  laboratory  when  one  wishes  to 
make  separations  by  means  of  heavy  solutions  one  always  obtains  a 
more  ready  separation  by  jacketing  the  heavy  solution  in  order  to 
prevent  even  the  very  moderate  convection  that  results  from  the 
slight  draughts  in  the  laboratory. 

Perhaps,  however,  the  more  important  reason  for  advancing 
convection  was  not'its  greater  efficiency  in  bringing  about  acciunu- 
lation  of  crystals  as  compared  with  the  "far-fetched"  process  of 
settling  of  crystals.  Possibly  the  particular  reason  was  the  banding 
of  the  gabbro.  In  order  to  explain  the  banding  it  is  necessary, 
however,  to  assimtie  a  simplicity  of  convection  that  experience  of 
that  phenomenon  does  not  warrant.  It  is  known,  for  example, 
that  a  mass  of  liquid  experiencing  convection  may  divide  up 
into  columnar  cells  of  hexagonal  section,  each  of  which  has  its 
own  system  of  convection  characterized  principally  by  vertical 
currents.  While  it  need  not  be  urged  that  convection  in  a  large 
mass  of  magma  would  be  exactly  of  this  nature,  it  seems  inevit- 
able that  a  very  large  number  of  currents  would  be  set  up 
whose  motion  would  be  principally  vertical,  and  that  any  banding 
of  the  rock  that  might  result  from  convection  would  be  principally 
vertical.  There  seems  little  reason  to  believe  in  a  great  current 
sweeping  over  the  floor  and  depositing  its  load  in  bands  paraUel  to 
the  floor  in  the  manner  Pirsson'  and  Grout  have  suggested.  How- 
ever, assuming  that  such  a  current  did  exist,  it  is  noteworthy  that  in 
order  to  explain  banding  it  is  necessary  to  make  the  further  assump- 
tion of  a  rhythm  in  crystallization,  such  that  the  crystals  brought 
down  by  convection  vary  in  their  nature  as  time  goes  on  and  may 
even  alternate.  And  convection  is  supposed  to  have  a  remarkable 
advantage  over  crystal  settling  in  producing  alternation  of  layers 
as  a  result  of  this  rhythmic  crystallization.  But  while  I  do  not 
urge  rhythmic  crystallization  I  would  point  out  that  the  crystals 
brought  to  the  bottom  by  settling  would  show  precisely  the  same 
alternation  as  those  brought  there  by  convection  if  this  rhythmic 
crystallization  can  be  assimied. 

'  The  Igneous  Rocks  of  Higkwood  Mountains^  U.S.  Gcol.  Survey,  Bulletin  237. 
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When  we  come  to  a  consideration  of  the  more  mtimate  details  of 
crystallization  we  find  this  same  tendency  to  urge  an  advantage  of 
convection  over  settling,  an  advantage  that  has  no  real  existence. 
In  the  case  of  the  bodies  of  magnetite,  for  example,  it  is  pK>inted 
out  that  the  best  concentrations  are  centrally  placed  in  the  gabbro 
and  not  at  the  bottom,  and  to  explain  this  it  is  pointed  out  that 
magnetite  is,  "at  least  partly,  later  in  time  of  crystallization" 
and  "would  remain  liquid  until  the  lower  parts  of  the  chamber 
were  filled  with  rock. "  Is  the  explanation  not  equally  applicable 
to  the  process  of  crystal  settling  ?  Is  there  anything  in  that  process 
that  demands  the  settling  of  a  crystal  before  it  exists  ?  It  is  true 
that  the  writer  referred  to  the  accimiulations  of  iron  ore  as  evidence 
of  settling  of  crystals  because  they  have  been  described  by  others  as 
occurring  at  the  base  of  the  Duluth  mass,  and  it  is  safe  to  say  that  in 
many  cases  some  of  the  iron  or^  crystallizes  very  early,  but  the 
writer  has  always  been  opposed  to  the  xmrestricted  acceptance  of 
the  notion  that  all  the  ore  minerals  separate  early.* 

We  come  now  to  that  very  special  feature  of  the  near-uniformity 
in  the  nature  of  the  plagioclase  in  all  parts  of  the  gabbroid  portion 
of  the  mass,  a  feature  that  has  been  considered  to  favor  especially 
the  idea  of  convection.  Vigorous  convection  would  of  course  keep 
plagioclase  crystals  suspended  and  in  a  slowly  cooled  mass  would 
permit  perfect  adjustment  of  their  composition  to  that  of  the 
surrounding  liquid,  so  that  there  would  be  no  necessity  of  the 
appearance  in  the  final  product  of  any  very  basic  plagioclase,  by- 
townite,  or  anorthite.  But  the  rAle  assigned  to  convection  by 
Grout  is  not  so  much  that  of  keeping  crystals  suspended  as  that  of 
aiding  in  their  accimiulation  in  layers  by  dragging  along  the  bottom, 
and,  at  a  time  when  the  rhythm  of  crystallization  was  in  a  phase 
such  that  the  crystallization  of  plagioclase  dominated,  the  layer 
formed  is  supposed  to  show  a  corresponding  dominance  of  plagio* 
clase.  These  plagioclases,  dragging  behind  and  caught  in  the 
viscous  border,  have  according  to  Grout "  there  slowly,  maintaining 
equilibrium,  adjusted  their  composition  to  that  of  the  surroimding 
magma. "    It  shoxild  be  realized,  however,  that  in  so  far  as  basic 

«N.  L.  Bowen,  "The  Order  of  Crystallization  in  Igneous  Rocks,"  Jour.  GtU,^ 
XX  (1912),  457. 
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plagioclases  accumulate  at  a  certain  place  in  excess  of  the  amount 
that  could  have  separated  from  the  liquid  at  that  place,  the  Jiquid 
there  surroimding  them  is  incapable  of  completely  making  them 
over  into  the  average  plagioclase  of  the  mass/  It  makes  no  dififer- 
ence  how  the  excess  of  plagioclase  arrived  at  that  place,  the  laws  of 
physical  chemistry  will  not  be  suspended  in  favor  of  those  arriving 
by  the  convection  route.  The  fact  that  those  portions  of  the  mass 
that  are  particularly  rich  in  plagioclase  do  not  have  significantly 
more  basic  plagioclase  than  other  parts  may  therefore  be  regarded 
as  a  very  serious  objection  to  accumxilation  of  plagioclase  by  con- 
vection and  indeed  to  any  process  involving  the  acctmiulation  of 
plagioclase  by  a  positive  active  motion  on  its  part  relative  to  the 
liquid  from  which  it  separates. 

The  theory  of  crystal  settling,  however,  does  not  demand  any 
positive  action  of  plagioclase,  at  any  rate  not  until  a  quite  late 
stage  of  crystallization.  Just  as  settling  is  not  regarded  as  possible 
for  a  crystal  that  does  not  yet  exist,  so  it  is  not  regarded  as  possible 
for  a  crystal  unless  it  is  heavier  than  the  liquid.  Grout  is  able  to 
refer  to  a  place  (p.  33)  where  I  have  discussed  the  effect  of  the  sink- 
ing of  plagioclase,  but  reference  to  that  page  will  show  that  there 
simple  mixtures  of  albite  and  anorthite  are  being  discussed.  Mani- 
festly basic  plagioclase  crystals  will  sink  in  a  liquid  having  the 
compK>sition  of  more  acid  plagioclase,  but  if  femic  material  is 
dissolved  in  the  liquid  the  problem  is  not  so  simple,  and  on  another 
page  of  the  same  paper  (p.  79)'  reference  is  made  to  this  fact.  There 
the  following  statement  is  made:  !*It  appears,  indeed,  that  plagio- 
clase crystals  may  at  the  earlier  stages  of  crystallization  be  only 
very  slightly  heavier  than  the  liquid  at  most  and  possibly  even 
somewhat  lighter. "  In  another  paper  this  suggestion  is  elaborated 
and  the  behavior  of  plagioclase  is  discussed  at  some  length.^ 
It  is  pointed  out  that  plagioclase  "remains  practically  suspended  in 
the  liquid  with  probably  a  very  slight  tendency  to  rise  at  first  and 
the  whole  of  the  liquid  is  available  for  the  production  of  the  change 
of  composition  that  ensues  as  the  temperature  falls.    Thus,  though 

« N.  L.  Bowcn,  "The  Problem  of  the  Anorthosites,"  Jour.  Ged,,  XXV  (1917),  212. 
'  These  page  numbers  refer  to  those  in  "The  Later  Stages  of  the  Evolution  of  the 
Igneous  Rocks,"  Jour,  Ged,,  XXIII  (191 5),  Supplement. 

*  N.  L.  Bowen,  "The  Problem  of  the  Anorthosites, "  Jour,  Geol.,  XXV  (1917),  211. 


Digitized  by 


Google 


4i6  N,  L.  BOWEN 

the  earlier  crystals  of  plagioclase  are  basic  bytownite,  they  are,  in 
nearly  all  cases,  gradually  made  over  into  labradorite  by  the  liquid 
in  which  they  remain  suspended. "  The  statements  could  hardly 
be  more  specific,  and  Grout's  reference  (with  its  accompanying 
objections)  to  my  statement  regarding  a  simple  mixture  of  anorthite 
and  albite  is  hardly  to  the  point  when  such  definite  consideration  ' 
of  the  actual  case  of  gabbroid  magma  has  been  offered.  We  have 
seen  then  that  the  specific  objections  to  crystal  settling  that  Grout 
offers  are  in  part  due  to  a  misconception  of  that  process,  and  that 
in  many  cases  where  he  supposes  a  convective  action  to  have 
advantages  over  settling  the  advantage  has  no  real  existence  as 
far  as  explanation  of  the  phenomena  of  the  Duluth  gabbro  is 
concerned.  However,  it  must  be  conceded  that  Grout's  main 
contention  is  substantially  correct,  viz.,  that  the  theory  of  crystal 
settling  in  the  simple  and  generalized  form  in  which  it  has  been 
stated  does  not  offer  an  adequate  explanation.  We  have  seen  that 
his  convective  action  is  likewise  inadequate.  As  an  offset  to  so 
much  destructive  criticism  a  constructive  suggestion  will  be 
ventured.  The  suggested  explanation  will  involve  two  principal 
assxmiptions:  first,  that  the  igneous  mass  of  the  Duluth  lopolith 
was  injected  as  a  sensibly  homogeneous  and  completely  liquid 
magma,  and  secondly,  that  the  action  which  produced  the  basin- 
like form  of  the  mass  took  place  in  part  contemporaneously  with 
the  period  of  crystallization  of  the  iliagma.  The  first  of  these 
conclusions  is,  it  should  be  remarked,  in  complete  accord  with 
Grout's  conclusions.  Under  five  heads  Grout  points  out  the  impos- 
sibility of  belief  in  the  intrusion  of  heterogeneous  liquid,  a  process 
that  the  writer  has  suggested  as  a  possible  result  of  the  squeezing 
of  liquid  from  a  crystallizing  mass.*  This  suggestion  should  be 
applied  only  to  cases  where  the  evidence  is  strong  that  there  were 
two  liquids.  I  am  wholly  in  accord  with  Grout  that  it  is  a  quite 
inadequate  explanation  of  the  banding  of  the  Diduth  mass  and 
indeed  of  most  rocks  showing  primary  banding.  Usually  such 
banding  is  to  be  referred  to  movement  during  crystallization.' 

'  N.  L.  Bowen,  "The  Later  Stages  of  the  Evolution  of  the  Igneous  Rocks,"  Jomr. 
Geol.j  XXIII  (1915),  Supplement,  pp.  27  and  83. 

«N.  L.  Bowen,  "The  Problem  of  the  Anorthosites, "  Jour.  Geol,,  XXV  (1917), 
236  and  237. 
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We  shall  begin  then  with  a  mass  of  gabbroid  magma  wholly 
liquid  and  already  injected  into  its  present  position.  When  cooling 
had  reached  a  certain  stage  crystallization  began,  and  the  earliest 
crystals,  olivine  and  perhaps  some  titaniferous  magnetite,  were 
precipitated.  As  a  result  of  currents  in  the  liquid,  whether  from 
thermal  convection  or  wholly  mechanical  causes,  free  settling  of 
crystals  was  much  hampered,  so  that  a  large  proportion  of  the 
crystals  remained  suspended.  In  spite  of  this  deterrent  action,  how- 
ever, some  of  the  crystals  of  these  early  minerals  did  acctmiidate  on 
the  bottom,  where  they  formed  masses  of  peridotite  and  presumably 
also  of  iron  ores  in  some  cases.  In  the  meantime,  crystallization 
of  both  pyroxene  and  plagioclase  had  begun.  The  plagioclase 
was  at  first  a  basic  bytownite.  It  remained  suspended  because 
nearly  of  the  same  density  as  the  liquid,  and,  as  cooling  and 
crystallization  proceeded,  it  adjusted  its  composition  to  approach 
labradorite.  The  free  sinking  of  pyroxene  was  hampered,  presum- 
ably by  currents,  as  was  that  of  olivine,  so  that  no  accumulation  of 
pyroxenite  was  accomplished.  A  certain  amount  of  accimiulation 
of  pyroxene  did  occur,  however,  together  with  that  of  olivine,  and 
the  p3rroxene  crystals  augmented  the  mass  of  peridotite  at  the  base. 
There  was  also  a  certain  part  of  theliquid  from  which  both  olivine 
and  p3rroxene  crystals  had  settled  out  practically  completely  and 
that  contained  only  suspended  plagioclase  crystals. 

The  mass  is  now  entering  a  stage  when  in  its  lower  portions, 
constituting  say  one-fifth  of  the  total  thickness,  crystals  are  in 
contact  with  their  neighbors  and  are  beginning  to  grow  together  at 
comers  and  along  edges.  This  action  becomes  important  when  the 
residual  liquid  and  the  crystals  have  each  about  one-half  the  volimie 
of  the  total  mass.  In  the  upper  portions  the  crystals  are  somewhat 
more  widely  spaced,  the  more  so  as  the  height  above  the  base 
increases,  but  this  feature  is  not  so  very  marked,  because  crystal 
settling  has  been  limited  by  the  lack  of  quiet  conditions.  The 
bottom-most  layers  including  peridotite  may  be  regarded  as 
practically  entirely  crystalline,  with  only  a  small  proportion  of 
residual  liquid. 

Origin  of  banding. — ^There  is  then  a  tendency  toward  a  layering 
of  the  mass  on  a  very  large  scale  but  no  suggestion  whatever  of 
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the  complicated  banding  that  the  finally  solidified  rocks  show. 
In  order  to  explain  the  production  of  banding  it  is  necessary  to 
assume  that  the  action  that  produced  the  basin-like  shape  of  the 
mass  was  going  on  continually  during  the  period  of  crystallization. 
When  the  proportion  of  crystals  was  small  this  action  could  have  no 
effect  on  the  distribution  of  materials,  but  when  the  proportion  of 

crystals  began  to  pass  the  50 
per  cent  mark  it  may  have 
had  an  important  effect. 

We  shall  consider,  for  sim- 
plicity and  convenience,  the 
possible  results  of  the  bending 
action  as  applied  to  segments 
of  two  adjacent  layers.  The 
bending  will  'tend  to  produce 
a  shortening  of  the  upp)er 
layer  relative  to  the  lower 
one,  and  a  shortening  thrust 
is  therefore  developed  in  the 
upper  layer.  This  upper  layer 
may  reasonably  be  supposed 
to  have  certain  portions  that 
are  relatively  weak  and  others 
relatively  strong  that  may  be 
illustrated  diagrammatically 
as  in  Fig.  4.  It  may  be  supposed  too  that  all  of  the  yidding  to  this 
shortening  thrust  will  take  place  in  the  weak  portions  of  the  layers, 
and  that  the  strong  portions  will  act  as  practically  rigid  plungers. 
The  yielding  of  the  weak  portions  will  likewise  relieve  the  strong 
portions  from  any  bending  force,  and  a  strong  portion  can 
therefore  retain  its  original  shape,  with  the  consequent  develop- 
ment of  a  long,  narrow  space  between  it  and  that  part  of  the 
lower  layer  immediately  adjacent  to  it.  At  first  thought  it  would 
seem  impossible  that  this  space  could  develop,  and  if  by  space  is 
meant  empty  space  this  impression  would  be  entirely  justified, 
for  the  strong  segment,  though  capable  of  acting  as  a  rigid  plunger, 
would  have  no  real  strength  as  an  arch.    It  shoidd  be  noted,  however, 


Fig.  4. — Showing  the  eflFect  of  warping  on 
a  crystallizing  mass:  (a)  shows  portion  of  a 
mass  when  it  reaches  stage  at  which  warping 
begins  to  be  eflfective;  {b)  shows  the  eflFect 
of  warping  causing  compaction  of  crystals 
locally  and  the  formation  of  lenticular  pools 
of  residual  liquid.  Density  of  stippling  is 
intended  to  indicate  the  relative,  though  not 
absolute,  degree  of  compaction  of  crystals 
in  various  parts  immediately  after  the  action. 
Final  result  is  a  banded  rock  showing  that 
contrast  in  composition  that  existed  between 
liquid  and  crystals  at  the  time  of  the  action. 
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that  the  strong  segment  and  indeed  the  whole  crystal  mesh  which 
we  are  considering  is  a  thoroughly  porous  material  permitting  free 
passage  of  the  liquid  residual  magma  under  its  hydrostatic  head. 
A  space  between  the  two  layers  could  therefore  develop  freely,  for 
it  woxild  fill  with  liquid  as  fast  as  it  opened.  The  yielding  of  the 
weak  segment,  the  opening  of  a  long,  narrow  space  between  the 
bridgelike  strong  segment  and  the  lower  layer,  and  the  filling  of 
this  space  with  the  residual  liquid  woxild  therefore  go  on  simultane- 
oxisly  and  indeed  would  be  thoroughly  interdependent.  The 
yielding  of  the  weak  segment  would  be  the  resxilt  of  the  breaking  of 
the  relatively  weak  crystal  mesh  at  the  points  where  crystals  had 
begun  to  grow  together,  and  once  instituted  it  would  continue  imtil 
the  crystals  were  packed  together  rather  closely  with  only  a  little 
residual  liquid,  or  until  the  mass  had  acquired  a  strength  equal  to 
that  of  the  segment  that  was  acting  upon  it  as  a  plunger.  At  this 
time  the  action  woxild  cease  as  far  as  the  yielding  of  that  particular 
weak  segment  was  concerned.  As  a  result  then  of  this  single 
episode  two  layers  have  been  produced  whose  direction  is  practically 
parallel  to  the  base  of  the  igneous  mass,  one  of  them  having  a 
composition  practically  equivalent  to  that  of  the  residual  liquid 
contained  in  the  crystal  mesh  at  the  time,  and  the  other  a  composi- 
tion not  far  from  that  of  the  crystals  that  had  separated  at  the 
time  (Fig.  4i).  If  we  consider  the  fxirther  history  of  this  par- 
ticxilar  part  of  the  igneous  mass  as  cooling  and  further  bending 
proceed  it  wiU  be  foxmd  that  the  segment  that  had  yielded  will, 
when  a  certain  amount  of  growing  together  of  the  already  compacted 
crystals  takes  place,  constitute  a  particxilarly  strong  segment  and 
in  virtue  of  its  strength  may  be  the  means  of  production  of  a 
layer  of  the  same  type  as  itself,  from  a  relatively  weak  segment 
sensibly  along  its  strike,  by  acting  as  a  plunger  and  compacting 
that  segment.  At  the  same  time  the  plunger  segment  will  produce 
immediately  beneath  itself  a  band  of  the  opposite  typ>e.  It  is 
thus  seen  that  the  action,  once  begxm,  is  a  means  of  its  own  growth 
and  is  particxilarly  competent  to  produce  adjacent  strongly  con- 
trasted bands.  Constant  repetition  of  this  action  as  cooling  and 
warping  proceed  should  produce  innumerable  bands  such  as  those 
seen  in  the  Duluth  mass. 
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If  we  return  to  a  consideration  of  the  fundamental  action 
involved,  namely  the  formation  of  a  bridge  as  a  result  of  the  refusal 
of  a  certain  layer  to  bend  in  conformance  with  the  bending  of  the 
layer  immediately  beneath  it,  we  find  that  this  could  take  place 
only  when  the  crystal  mesh  is  of  such  a  nature  as  to  have  fair 
compressive  strength  but  very  little  tensile  strength.  If  the 
tensile  strength  were  even  moderate  the  upper  layer  would  be  pulled 
into  conformable  shape  by  the  lower  layer,  for  the  tension  acts  over 
a  relatively  large  area.  The  crystals  of  the  mesh  must  therefore  be 
in  contact  but  must  be  grown  together  only  to  a  very  limited  degree. 
There  is  a  further  reason  why  the  proportion  of  crystals  to  liquid 
must  be  limited.  The  bridging  action  can  take  place  only  when 
the  crystal  mesh  is  so  open  that  pressure  on  the  liquid  is  transmitted 
to  all  parts  of  it  with  great  freedom  and  with  little  frictional  resist- 
ance, for  the  bridge  has  no  real  strength  to  support  a  significant 
superincumbent  load,  and  liquid  must  be  free  to  flow  into  the  space 
immediately  below  it  if  the  potential  bridge  is  to  become  a  reality. 
On  the  basis  of  some  rough  experiments  it  is  estimated  that  the 
action  could  take  place  when  the  mass  was  50  per  cent  crystalline 
but  probably  not  when  the  proportion  of  crystals  was  significantly 
less  than  that  value.  On  the  other  hand,  it  probably  could  not 
take  place  when  the  proportion  of  crystals  was  as  great  as  65  per 
cent.  The  contrast  between  bands  is  therefore  of  a  different  order 
of  magnitude  from  that  shown  in  the  gabbro-granophyre  associa- 
tion. There  is  likewise  a  rather  limited  period  for  any  particular 
portion  of  a  mass  during  which  this  action  can  occur.  It  is  believed 
that  during  this  period  and  as  a  result  of  the  action  described  the 
banding  of  the  Duluth  gabbro  was  produced.  In  this  case  it  is 
possible  to  show  the  relation  between  the  direction  of  banding  and 
the  forces  that  produced  it.  For  many  igneous  masses  having 
primary  banding  this  relation  woxild  perhaps  not  be  so  plain,  yet 
it  would  seem  to  be  safe  to  state  it  as  a  general  proposition  that 
primary  banding  is  produced  by  the  action  of  warping  stresses, 
torsional  stresses,  and  in  some  cases  shearing  stresses,  acting  at  the 
appropriate  stage  of  crystallization. 

Origin  of  the  red  rock, — Returning  now  to  the  Duluth  lopolith, 
we  find  it  at  a  stage  when  crystallization  is  fairly  well  advanced. 
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As  a  result  of  continued  warping  banded  structure  has  developed  in 
successively  higher  and  higher  horizons,  broadly  speaking,  though 
as  the  top  was  approached  the  conditions  would  vary  considerably, 
and  it  would  seem  likely  that  banding  woxild  not  be  produced  as 
readily.  However  this  may  be,  we  may  consider  that  the  stage  of 
possible  development  of  banding  has  passed,  and  that  the  whole 
mass  is  approaching  complete  crystallinity.  The  lower  portions 
pass  through  this  stage  somewhat  sooner  that  the  higher  portions 
and  finally  become  completely  crystalline,  the  liquid  adjusting  itself 
continually  to  the  composition  of  the  crystals  with  which  it  is  in 
contact,  until  finally  all  the  liquid  is  used  up.  In  upper  portions 
some  interstitial  liquid  still  remains,  and  principally  in  those  parts 
from  which  olivine  has  been  removed  by  gravity  the  interstitial 
liquid  becomes  of  a  granitic  nature.  As  the  plagioclase  crystals, 
continually  adjusting  their  composition,  approach  labradorite, 
AbiAna,  the  plagioclase  content  of  the  liquid  approaches  acid 
andesine,  and  the  actual  proportion  of  the  interstitial  liquid  becomes 
rather  small.  This  is  the  stage  at  which  a  lateral  thrust  acting  on 
the  mass  may  produce  a  squeezing  upward  of  residual  liquid  and  a 
packing  together  of  the  crystals  after  the  manner  discussed  in 
some  detail  on  an  earh'er  page.  It  may  be  noted  that  in  the  upper 
portion  of  the  mass  the  warping  becomes  more  nearly  a  simple 
compressive  thrust  resulting  from  the  tendency  toward  the  folding 
in  of  the  two  horns  of  the  crescent  so  that  the  squeezing  out  may  be 
regarded  simply  as  a  result  of  a  continuance  of  the  warping  action 
and  as  expressing  its  result  at  quite  a  late  stage  of  crystallization. 
There  is  even  a  very  definite  suggestion  in  the  shape  of  the  lopolith 
as  mapped  of  a  departure  from  the  simple  crescentic  form.  This 
departure  is,  as  might  be  expected,  localized  where  the  red  rock  is 
developed  in  force  and  is  of  the  nature  of  a  bulging  of  the  roof 
(Fig.  s).  Add  to  this  the  fact  that  the  plagioclase  of  the  red  rock  is 
on  the  average  precisely  the  proper  plagioclase  for  a  liquid  in 
eqxulibriiun  with  the  general  plagioclase  crystals  of  the  gabbro, 
and  it  becomes  rather  obvious  that  one  is,  to  say  the  least,  hasty  who 
dismisses  crystallization-diSerentiation  as  a  possible  explanation  of 
the  gabbro,  red-rock  association.  The  red  rock  has,  on  the  contrary, 
all  the  earmarks  of  a  crystallization  residuum  that  could  have  been 
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squeezed  upward  by  lateral  compression  of  part  of  the  gabbro 
mass.  Grout,  in  offering  objections  to  crystallization-differentiation 
as  an  explanation  of  the  red  rock  and  in  discussing  in  that  con- 
nection the  composition  of  the  liquid,  states  that  "before  it  reaches 
the  composition  of  such  a  granophso-e  as  the  red  rock  of  Duluth  a 
large  amount  of  feldspar  must  have  crystallized  from  a  magma  too 
acid  to  yield  basic  labradorite.  '**  On  another  page,  however,  he 
describes  the  red  rock  as  amounting  to  "less  than  300  feet  of  acid 
andesine.'*  Now  the  liquid  that  is  in  equilibrium  with  AbxAn, 
crystals  is  precisely  of  the  composition  of  acid  andesine,  to  be  more 


Fig.  5. — Outline  map  of  Duluth  gabbro  (after  Grout) 

specific  AbjAni,  so  that  Grout's  objections  fall  when  examined  in 
the  light  of  his  own  detailed  descriptions.  If  the  red  rock  repre- 
sented an  immiscible  liquid  it  is  rather  remarkable  that  at  the  time 
at  which  it  had  separated  it  should  have  a  composition  appropriate 
for  this  final  plagioclase  composition. 

In  connection  with  this  particular  association,  namely  that  of 
granophyre  and  gabbro,  a  rather  definite  suggestion  as  to  conditions 
of  possible  immiscibility  has  been  offered.  It  has  been  suggested 
that  on  account  of  immiscibility  between  water  and  silicates  the 
magma  separates  into  two  liquids,  the  one  water-rich  and  the  other 

» "A  Type  of  Igneous  Differentiation,"  Jour,  Gtd,,  XXVI  (1918),  645. 
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silicate-rich.*  Apart  from  the  objections  that  have  been  raised 
against  immisdbility  in  general,  principally  with  reference  to  the 
lack  of  evidence  of  the  intermediate  steps  of  the  process,  a  further 
objection  should  be  pointed  out  that  is  applicable  to  this  particular 
type.  The  contrast  between  the  two  liquids  should  be  of  this 
nature,  that  the  one  liquid  should  be  mainly  k  silicate  melt  with  a 
little  water  in  dilute  solution,  and  that  the  other  liquid  should  be 
mainly  water  with  a  little  silicate  in  dilute  solution.  Now,  while  it 
is  well  recognized  that  the  granophyre  of  Uie  association  to  which  we 
have  reference  is  characterized  by  having  a  greater  amount  of  water 
than  the  gabbro,  no  one  would  go  the  length  of  claiming  that  the 
granophyre  magma  was  mainly  water  with  a  little  silicate  in  solu- 
tion. While  having,  on  first  thought,  some  degree  of  probability 
the  action  contemplated  does  not  appear  to  represent  the  actual 
phenomenon. 

THE    ORIGIN    OF    NODULES,    SCHLIERS,    AND    RELATED    PHENOMENA 

Immiscibih'ty  has  been  invoked  as  an  explanation  of  other 
phenomena  of  igneous  rocks,  principally  the  formation  of  mono- 
mineraUc  nodules  and  of  large  rock  masses  of  a  monomineralic 
nature,  for  immiscibility  of  this  nature  not  even  the  first-thought 
probability  can  be  conceded.  Substances  freely  miscible  above  a 
certain  temperature  do  not  become  absolutely  immiscible  on  cooling, 
with  consequent  separation  of  pure  end  components  as  liquids. 
The  liquids  separating  would  of  necessity  be  polycomponent  solu- 
tions, possibly  quite  strongly  contrasted,  but  nevertheless 
polycomponent.  The  liquids  must  likewise  be  solutions  capable  of 
separate  existence  at  the  temperature  concerned,  and  in  emphasis 
of  this  temperature  aspect  of  the  problem  it  has  elsewhere  been 
pointed  out  that  pure  molten  olivine,  for  example,  can  hardly  be 
credited  at  temperatures  near  the  crystallizing  range  of  olivine 
basalt.  It  has  been  suggested  that  the  liquid  need  not  be  pure 
olivine  but  could  be  olivine  with  volatile  components  in  solution.* 
The  obtaining  of  such  a  liquid  is,  however,  sensibly  the  same  prob- 
lem as  the  obtaining  of  molten  olivine.    Any  liquid  that  separated 

'Evans,  "Congr^  Geologique  International/!  Compu-Rendu  (XXII0  Session, 
Canada,  1913),  p.  248. 

"  Daly,  Jour,  Geol.,  XXVI  (1918),  123. 
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should  be  polycomponent  with  respect  to  its  silicate  content  aJone. 
A  volatile  component  enters  the  system  merely  as  a  component 
that  would  distribute  itself  between  the  two  separating  liquids  in 
accordance  with  a  definite  partition  coefficient  which  is  the  ratio 
of  its  solubility  in  the  two  liquids.  Even  if  we  strain  a  point  and 
assimie  that  one  of  the  liquid^  could  be  monomineralic  it  is  necessary 
to  imagine  that  volatile  components  distribute  themselves  between 
the  two  liquids  in  such  a  way  that  the  monomineralic  liquid  gets 
many  times  as  much  as  the  polycomponent  liquid  in  order  that 
the  former  may  remain  molten  at  the  temperature  concerned. 
In  other  words,  it  is  necessary  to  assume  that  volatile  compo- 
nents are  many  times  more  soluble  in  liquid  olivine,  say,  than 
in  liquid  basalt.  Apart  from  the  unlikelihood  of  such  a  relation 
the  real  weakness  of  the  whole  case  becomes  apparent  when,  in 
order  to  explain  monomineralic  masses  of  pyroxene,  it  becomes 
necessary  to  assume  that  volatile  components  are  many  times 
more  soluble  in  liquid  p3a*oxene  than  in  liquid  basalt,  and  in 
order  to  explain  an  anorthositic  facies  it  is  necessary  to  assimie 
correspondingly  greater  solubility  of  volatile  material  in  molten 
plagioclase  than  in  molten  basalt.  Finally,  if  it  is  insisted  that 
this  chain  of  successively  dependent  phenomena,  each  fimda- 
mentally  unlikely,  to  say  the  least,  may  nevertheless  represent 
the  facts  of  the  case  we  may  still  turn  to  monomineralic  rocks 
themselves  and  see  if  they  give  evidence  of  excessive  richness  in 
volatile  components  or  so-called  mineralizers.  It  was  with  this 
reasoning  in  mind  that  the  anorthosites  were  examined  and  f oimd  to 
give  no  evidence  of  the  presence  of  mineralizers  in  excessive  amounts  J^ 
Scrutiny  of  the  other  monomineralic  rocks  will,  it  is  believed,  yield 
a  like  result.  The  marked  serpentinization  of  peridotites  is  prob- 
ably sometimes  effected  by  waters  of  atmospheric  origin  (not  by 
weathering),  and  where  accomplished  by  magmatic  solutions  there 
is  little  reason  for  believing  that  these  solutions  belonged  to  a 
peridotite  liquid  rather  than  to  adjacent  igneous  masses  frequently 
congeneric  with  the  peridotite." 

'N.   L.   Bowen,   "The   Problem   of   the    Anorthosites,"   Jour,  Geal.,   XXV 
(1917)1  231. 

*  BensoDj  Amer,  Jour.  5c».,  XLVI  (1918),  710. 
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It  has  been  considered  that  the  nodules  consisting  mainly  of  a 
single  mineral  and  occurring  fairly  frequently  in  basaltic  rocks  may 
represent  immiscible  liquid  globules.  Olivine  nodules  in  basalt  are 
perhaps  the  commonest  examples.  The  term  nodules  is  rather 
misleading,  for  they  are  characteristically  angular  and  justify  the 
conclusion  of  a  great  number  of  petrographers  that  they  are  frag- 
ments torn  from  a  mass  of  olivine  rock  (Olivinfelseinschliisse). 
Rosenbusch,  however,  always  insisted  that  they  represent  intra- 
telluric  crystallization  from  the  rock  mass  in  which  they  are  foimd. 
As  a  matter  of  fact  it  is  more  reasonable  to  suppose  that  both 
concqptions  are  true,  and  that  the  nodules  represent  fragments 
torn  from  an  olivine  rock  that  was  formed  from  the  basalt  by 
crystallization-differentiation.  It  is  not  necessary  to  suppose  that 
the  olivine  settled  to  the  bottom  of  an  intratelluric  mass  of  basaltic 
magma;  indeed  the  characteristic  occurrence  of  the  nodxiles  in 
narrow  dikes  and  small  necks  of  basalt  suggests  an  action  that  may 
be  of  considerable  importance  in  petrogenesis.  The  suggested 
action  is  the  formation  of  crystal  jams,  or  the  clogging  of  the 
channels  occupied  by  moving  magma  as  a  result  of  the  packing 
together  of  crystals  at  a  constricted  point,  in  much  the  same  manner 
as  log  jams  and  ice  jams  are  formed  in  rivers.  Any  marked  constric- 
tion of  a  channel  in  which  a  liquid  is  flowing  that  contains  suspended 
solids,  even  in  very  small  amount,  is  likely  to  cause  such  clogging. 
The  formation  of  a  crystal  jam  is  highly  probable  in  a  narrow  dike 
or  neck  through  which  basaltic  magma  is  flowing  with  upward  of  10 
per  cent  olivine  crystals  suspended.  Once  formed  the  clogging  may 
result  in  the  accumulation  of  a  considerable  mass  of  crystals,  and 
the  passing  of  liquid  through  the  mass,  a  liquid  from  which  olivine 
and  only  olivine  is  being  precipitated  as  yet,  may  cause  the  growth 
of  the  crystals  of  olivine  until  no  interstices  are  left.  Accumxilation 
of  pressure  on  the  magma,  aided  perhaps  by  terrestriaJ  disturbance, 
may  then  break  the  barrier  and  carry  the  olivine  rock  along  as 
inclusions  of  the  nature  of  olivine  nodides,  some  of  which  may 
become  roimded  as  a  result  of  the  resorption  that  olivine  normally 
suffers.  While  the  clogging  of  a  channel  with  very  early  crystals, 
such  as  olivine,  is  to  be  expected  only  in  small  channels,  there  is 
reason  to  believe  that  even  large  channels  might  be  similarly  affected 
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at  later  stages  of  crystallization,  and  in  this  case,  while  the  disrupted 
mass  would  not  give  monomineralic  inclusions,  it  might  readily 
give  inclusions  strongly  contrasted  with  the  magma  that  would  pro- 
duce schliers  and  related  irregularities  in  the  rocks  formed. 

In  the  banded  peridotites  of  Skye,  Harker  describes  seams  of 
nearly  pure  picotite  and  chromite.  It  is  possible  that  these  may 
have  been  formed  by  some  such  action  as  that  described  above. 
However  this  may  be,  the  petrologist  should  look  askance  at  molten 
spinel  and  chromite.  Molten  conmdimi,  molten  olivine,  and 
molten  magnetite  even  with  volatile  components  in  solution  are  to 
be  similarly  regarded,  and  every  possibility  of  explaining  masses  of 
such  minerals  as  the  residt  of  crystal  accimxulation  from  complex 
miagmas  or  of  hydrothermal  action  should  be  exhausted  before  the 
probability  of  such  melts  is  entertained,  for  the  chemical  difficulties 
in  the  way  of  their  production  are  colossal.  By  hydrothermal 
action  is  meant  introduction  by  dilute  solutions  as  contrasted  with 
introduction  as  a  melt,  even  though  it  be  a  melt  with  volatile 
material  dissolved. 

ORIGIN  OF  THE  ALKALINE  ROCKS 

Throughout  the  foregoing  pages  consideration  has  been  given 
to  phenomena  exhibited  only  by  the  so-called  subalkaline  rocks. 
For  such  rocks  we  can  speak  with  considerable  assurance  regarding 
the  chemical  effects  of  relative  movement  of  crystals  and  liquid, 
because  systems  approaching  them  reasonably  closely  in  com- 
position have  been  completely  investigated.  Concerning  the  alka- 
line rocks  we  cannot  speak  with  the  same  assurance,  for  not  much 
more  than  a  beginning  has  been  made  in  their  experimental 
investigation.  Nevertheless  some  consideration  will  be  given  to 
the  alkaline  rocks,  particularly  to  the  question  of  the  relationship 
between  alkaline  and  subalkaline  magmas.  The  writer  has  stated 
elsewhere  the  opinion  that  the  most  important  of  the  alkaline 
magmas,  foyaitic  magma,  is  definitely  related  to  granitic  magma. 
The  equilibriimi  reactions  which  take  place  in  granitic  magma,  and 
of  which  the  evidence  is  plain  from  the  occurrence  side  by  side  of 
feldspars,  mica,  and  quartz,  furnish  a  clue  to  the  origin  of  foyaitic 
magma.    The  principal  reactions  indicated  are  the  breakdown  of 
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poJysilicate  molecules  into  orthosilicate  molecules  and  free  silica, 
and  they  may  be  written  empirically  as  follows: 

KAlSi308^KAlSi04+2SiO„ 
NaAlSi308^NaAlSi04+2SiOa. 

Certain  other  reactions  no  doubt  occur,  such  as 

H,0+NaAlSi04^HAlSi04+NaOH, 
H,0+KAlSi04±5HAlSi04+K0H, 

which  are  simple  examples  of  hydrolysis.  That  such  reactions  are 
going  forward  in  the  liquid  is  attested  by  the  fact  that  certain  of  the 
products  are  precipitated,  the  polysiUcate  molecules  as  feldspar, 
the  orthosilicate  jnolecules  KAlSi04  and  HAlSi04  in  mica,  and 
free  silica  as  quartz.  Evidently  certain  other  products  not  precipi- 
tated are  stored  up  in  the  liquid,  and  the  principal  of  these  is 
NaAlSi04,  the  liquid  becoming  highly  alkaline  and  showing  a 
high  concentration  of  water  and  other  volatile  components  when 
finally  precipitation  has  taken  place  to  such  an  extent  that  the 
liquid  is  a  very  small  proportion  of  the  total  mass.  The  compound 
NaAISi04,  the  distinctive  molecide.  of  foyaitic  magma,  can  be 
precipitated  from  this  liquid  only  if  it  is  removed  from  the  presence 
of  quartz.  In  the  presence  of  quartz  the  reaction  is  simply  reversed, 
and  the  polysilicate  feldspar  is  precipitated  instead  of  the  ortho- 
silicate nephelite.  It  is  not  impossible  that  rapakivi  structure  and 
certain  perthites  whose  albite  lamellae  appear  to  have  been  formed 
by  reaction  may  represent  the  stage  of  reversal  of  this  reaction.  It 
is  not  essential  that  such  structures  be  present,  however,  for 
commonly  the  using  up  of  this  liquid  would  be  accomplished 
merely  by  continued  growth  of  albite  or  closely  related  plagioclase 
crystals.  There  does  appear,  however,  to  be  a  particular  tendency 
toward  a  precipitation  of  albite  later  than  that  of  orthoclase 
(rapakivi-like  though  not  necessarily  having  the  particular  rapakivi 
structure)  in  granites  that  are  related  to  nephelite  syenites.  It 
shoidd  be  noted,  however,  that  this  highly  alkaline  and  highly  aque- 
ous liquid  that  is  thus  formed  as  the  crystallization  of  granite  becomes 
far  advanced  is  a  very  fugitive  material,  and  that  the  crystallization 
of  a  large  mass  of  gtanite  must  proceed  very  slowly  at  this  stage. 
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Throughout  a  long  period  this  liquid  is  therefore  more  or  less  free 
to  escape  into  the  surrounding  rocks,  where  it  is  used  up  in  pro- 
ducing metasomatic  reactions  of  various  kinds.  The  materials  of 
this  liquid  may  therefore  be  frequently,  perhaps  normally,  unrepre- 
sented in  the  igneous  sequence  for  this  very  reason.  Foye  has 
brought  forward  quantitative  evidence  of  the  introduction  of  alka- 
line material  in  great  quantity  from  granitic  magma.  Following 
Daly  he  imagines  that  these  alkaline  liquids  have  been  produced  by 
reaction  between  liniestone  and  granite,  but  it  is  not  at  all  clear 
how  this  can  be  considered  to  apply  to  the  particular  case  under 
discussion.  In  its  original  form  the  limestone-syntectic  hypothesis 
was  rather  simple,  and,  as  the  writer  has  stated  elsewhere,  it 
assumed  rather  likely  reactions.  The  most  important  reaction  was 
the  taking  of  silica  by  the  lime  to  form  lime  silicates,  the  free  silica 
being  used  up  first  and  later  some  of  the  silica  of  feldspar  molecules 
with  consequent  production  of  feldspathoids.  However,  it  is 
imagined  in  this  particular  case  that  limestone  reacts  with  granitic 
magma  but  does  not  desilicate  it,  in  fact  leaves  it  still  a  granitic 
magma,  and  yet  reacts  in  such  a  way  as  to  produce  large  amounts 
of  alkaline  liquors,  of  which  part  are  introduced  into  the  invaded 
limestones  and  part  crystallize  with  formation  of  nephelite  syenite. 
The  manner  in  which  this  can  occur  is  by  no  means  so  easily 
followed.  On  the  other  hand,  it  appears  to  afford  a  natural  explana- 
tion if  it  is  supposed  that  biotite  granite  magma  is  normally  capable 
of  supplying  this  alkaline  liquid,  and  that  it  is  produced  by  reactions 
of  which  we  have  direct  evidence  in  the  granite  itself.  The  liquid 
may  be  used  up  by  introduction  into  surrounding  rocks  or  by  partial 
reversal  of  these  reactions  if  it  remains  in  the  interstices  of  the 
granite.  On  the  other  hand,  if  it  is  separated  from  the  granite  in 
such  a  way  as  to  form  a  distinct  liquid  it  will  give  rise  to  a  mass  of 
nephelite  syenite  and  may  indeed  further  differentiate  to  give 
derivatives  of  nephelite  syenite. 

In  the  paper  in  which  this  mode  of  origin  of  nephelite  syenite 
was  proposed  it  was  stated  that  a  continuance  of  the  process  of 
settling  of  crystals  could  produce  nephelite  syenite  from  granite  in 
the  same  manner  as  granite  itself  may  be  produced  from  gabbro. 
This  manner  of  separation  of  the  liquid  from  the  crystals  is  not 
now  considered  likely,  indeed  the  essential  reactions  have  probably 
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not  proceeded  adequately  until  a  late  stage  in  the  crystallization  of 
granite,  when  crystal  settling  was  no  longer  possible.  The  only 
method  of  separating  the  liquid  at  this  stage  is  the  method  of  the 
squeezing  out  of  residual  liquid  by  the  breaking  down  of  the  crystal 
mesh  under  the  action  of  outside  forces.  If  this  be  true,  alkaline 
magma  can  be  produced  only  as  a  result  of  the  action  of  9utside 
forces,  whereas  subalkaline  magmas,  while  they  too  can  be  so 
generated,  may  nevertheless  be  generated  spontaneously  by 
crystal  settling.  It  is  possible  then  that  the  alkaline  rocks  might 
show  a  tendency  toward  a  definite  relation  to  earth  movements^  not 
exhibited  in  the  same  degree  by  subalkaline  rocks,  but  the  writer  is 
unable  to  see  at  present  what  the  details  of  this  connection  may  be. 
The  succession  of  igneous  rocks  deduced  from  the  foregoing 
considerations — ^from  basic  through  silicic  to  alkaline — ^has  been 
discussed  in  some  detail  elsewhere.*  An  objection  to  this  has  been 
raised  on  the  basis  of  the  fact  that  in  the  Pacific  basin  there  are 
basic  rocks  and  alkaline  rocks  and  none  of  the  intermediate  silicic 
rocks.^  It  should  be  noted,  however,  that  these  objections  are 
based  entirely  on  the  evidence  of  effusive  rocks  and  the  occurrence 
of  a  magma,  as  an  effusive  mass  depends  on  certain  factors  other 
than  its  generation  within  the  crust  of  the  earth.  Daly  has,  for 
example,  presented  figures  that  show  that  granitic  material  is 
twenty  times  more  abundant  than  basaltic  as  deep-seated  masses, 
whereas  basaltic  material  is  fifty  times  more  abundant  than  granitic 
as  effusive  masses.  There  is  therefore  something  about  granitic 
magma  that  limits  very  seriously  its  ocaurence  in  effusive  types, 
even  though  it  may  be  abundantly  present  as  subjacent  masses. 
We  need  not  go  into  the  question  of  what  these  factors  may  be, 
though  some  readily  suggest  themselves.  The  significance  of  the 
fact  in  this  connection  is  that  the  types  that  happen  to  be  exposed  in 
an  effusive  sequence  may  give  but  a  poor  indication  of  the  genesis  of 
their  magmas,  and  it  may  be  taken  as  a  general  rule  that  funda- 
mental relationships  are  much  more  likely  to  be  deducible  from 
plutonic  masses.    When  we  turn  to  the  evidence  of  plutonic  masses 

'  Such  as  that  suggested  by  Harker  in  the  classification  into  Atlantic  and  Pacific 
types. 

'  "The  Later  Stages  of  the  Evolution  of  the  Igneous  Rocks,"  Jour.  GeoL  XXIII 
(1915),  Supplement,  pp.  55  flf. 

*  Holmes,  Science  Progress,  XI  (191 6-1 7),  68. 
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on  this  question  we  find  that  they  speak  in  no  uncertain  voice 
regarding  the  intimate  connection  of  silidc  with  alkalic  rocks. 

This  association  of  silicic  and  alkalic  rocks,  we  have  seen  reason 
to  believe,  is  of  fundamental  significance  and  is  a  fact  very  difiicult 
of  explanation  on  the  basis  of  the  limestone-S3mtectic,  desilication 
hypothesis.  Ordinary  granites,  nordmarkites,  and  highly  siliceous 
alkaline  granites  are  world-wide  associates  of  nephelite  syenites. 

In  yet  another  respect  the  limestone-s)mtectic  hypothesis 
lacks  support.  The  proponents  of  syntexis  as  a  general  phenome- 
non frequently  support  their  claims  by  pointing  to  the  fact  that 
fragments  of  siliceous  rocks  immersed  in  gabbro  frequently  show 
rims  of  a  granitic  nature  about  them,  and  that  frs^ments  of  quart- 
zite  immersed  in  nephelite  syenite  may  show  rims  of  alkaline  granite. 
These  and  like  observations  at  least  demonstrate  the  possibility  of 
certain  reactions,  though  one  may  still  doubt  their  quantitative 
importance  in  p>etrogenesis.  In  the  case  of  the  reaction  between 
feldspar-bearing  magma  and  limestone  to  produce  feldspathoid- 
bearing  magma  no  support  of  this  kind  is  to  be  found.  Magmas  of 
all  subalkaline  types  have  at  times  included  blocks  of  limestone  that 
have  been  made  over  into  lime-silicate  rocks,  yet  in  no  case  are 
these  inclusions  surrounded  by  rims  of  alkaline  rock.  The 
limestone-syntectic  hypothesis  lacks,  therefore,  even  that  measure 
of  support  that  is  aflforded  s)mtexis  in  other  cases  through  the  occur- 
rence of  the  reaction  aureoles  mentioned. 

SUMBiARY 

In  this  paper  some  of  the  objections  that  have  been  raised 
against  the  theory  of  crystallization-diflFerentiation  are  considered, 
and  its  adequacy  to  explain  certain  phenomena,  for  which  it  has 
been  considered  to  fail,  is  pointed  out.  The  supposed  advantages  of 
liquid  inmiiscibility  in  explaining  discontinuous  variations  are 
considered,  and  reasons  are  given  for  believing  that  no  such  advan- 
tages exist.  On  the  basis  of  crystallization  explanations  are  sug- 
gested for  discontinuous  variations,  particularly  those  noted  in  the 
association  gabbro-granophyre.  A  suggestion  is  made  as  to  the 
origin  of  primary  banding  with  particular  reference  to  the  Duluth 
lopolith. 
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T.  T.  QUIRKE 
University  of  Minnesota 


At  9:48  P.M.  Mountain  time,  June  30,  1918/  a  meteorite  was 
seen  to  fall  in  the  country  between  Richardton  and  Mott,  North 
Dakota.  Pieces  fell  on  both  sides  of  the  line  between  Stark  and 
Hettinger  counties  within  a  strip  about  9  miles  wide  from  north 
to  south  and  5  miles  wide  from  east  to  west.  The  center  of  this 
area  lies  in  altitude  46^*37 '30''  N.  and  longitude  io2**i6'i7'' W., 
about  20  miles  south  of  Richardton. 

The  following  data  in  regard  to  finders  and  specimens^  have 
been  collected.  The  finds  are  arranged  in  geographical  order  from 
north  to  south. 


NaMIS  or  FlMDESS 

Section 

Town- 
ship 

Range 

Spbomems 

Weight 

Pounds 

Ounces 

Rochus  Steiner 

Geo.  B.  Steiner 

Nickolas  Kuntz 

Bernard  Kuntz 

Lewis  liOran 

26 

? 

27 

27 

33 

12 
18 
18 

24 
26 
28 

137 
137 
137 

137 

137 

136 

136 
136 

92 
92 
92 

92 

92 

93 
92 
92 
93 
93 
92 

I  piece  in  fragments 

I  piece 

I  piece 

I  piece 

I  piece  said  to  weigh 

I  piece 

X  piece 

X  piece 

X  piece 

I  piece 

4  fragments 
II  pieces  (largest 3 lbs.) 
IS  pieces 
24  pieces  (i  to  2}  lbs.) 

4  pieces 

3  pieces 

6 

13 

II 

2 

9 
2 

x8 

7 

4 
0 

7 

9 

7 

17 

I 
2 

X2 

"'8  ' 
xo 

4 

A 

12 

Frank  Miller 

Leo  Kern 

si 

Mftt  Scl»»«Mt 

Benedict  Fried 

Jacob  Fried 

'  1  ozim  Olheiser 

13 

This  lists  a  total  of  71  pieces,  weighing  123  lbs.  6  oz.    It  is 
reported,  however,  that  at  least  60  lbs.*  of  material  in  addition 

'  The  date  was  erroneously  reported  as  July  26, 1918,  in  a  preliminary  statement 
in  Science,  New  Series,  Vol.  XLDC  (Jan.  24, 1919),  p.  92. 
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to  some  of  that  listed  above  were  purchased  on  the  spot  by  Mr. 
T.  A.  Treganza/  It  is  probable  that  about  200  lbs.  of  material 
have  been  recovered  from  the  fall,  of  which  the  Loran  boloid, 
weighing  18  lbs.  sJ  oz.,  appears  to  be  considerably  the  largest. 

As  noted  in  the  description  of  Modoc,"  the  distribution  of  the 
members  of  a  meteorite  fall  follows  in  general  the  order  of  their 
size,  with  the  largest  pieces  farthest  in  the  direction  of  flight. 
The  Richardton  meteorite  fell  toward  the  north,  and  all  the  imits 
weighing  more  than  three  pounds  apiece  came  from  the  most 
northerly  strip,  2  miles  wide,  while  onlj^  one  small  specimen, 
weighing  12  oz.,  was  found  there.  On  the  other  hand,  although 
the  mmiber  of  pieces  found  in  the  southern  end  is  greater  than 
that  found  in  the  northern  part  of  the  area,  nearly  all  the  indi- 
vidual examples  are  small. 

The  Richardton  meteorite  is  of  the  veined,  spherical  chondrite 
class  (Cca)  of  Brezina's  classification,  as  may  be  recognized  from 
the  following  descriptions  of  those  specimens  which  have  been 
studied  by  the  writer.  The  descriptions  are  arranged  in  order 
of  the  size  of  the  specimens. 

I.  The  Lorati  specimen,  weighing  18  lbs.  s|  oz.  (8,338  gm.), 
may  be  likened  in  shape  to  an  axe-head.  It  is  a  five-sided  wedge, 
the  sharp  edge  being  20  cm.  long,  and  the  blunt  end  12  cm.  by 
II  .2  cm.  From  back  to  edge  the  piece  is  18  cm.  long.  Part  of 
the  crust  has  been  broken  from  the  mass,  especially  from  the 
comers.  In  fact  the  comers  of  most  large  specimens  are  battered 
because  the  meteorite  fell  at  a  low  angle  to  the  surface  of  the 
earth,  so  that  most  of  the  pieces  seem  to  have  rolled  or  bounded 
after  striking  the  ground.  Few  pieces  penetrated  the  soil  and 
none  is  known  to  have  broken  through  the  sod. 

The  largest  Loran  specimen  appears  to  have  six  subparallel 
veins,  the  traces  of  three  of  which  can  be  followed  entirely  around 
the  mass,  but  the  other  three  split  up  into  branches  and  are  less 
definite.    All  the  veins  branch  into  two  or  more  members,  and  in 

>  The  writer  has  sent  three  letters  to  Mr.  Treganza,  Britt,  Iowa,  in  regard  to  his 
purchases.  However,  as  none  of  these  letters  brought  a  reply,  no  further  information 
about  this  interesting  collection  can  be  offered  in  this  article. 

*  O.  C.  Farrington,  NaL  Acad,  5d.,  Mem.  XIII  (1915),  p.  307. 
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some  places  the  branches  reunite,  in  the  manner  of  anastomosis. 
Here  and  there  within  them  there  is  a  concentration  of  troilite 
and  iron.  The  traces  of  the  veins  stand  out  like  welts  upon  the 
unbroken  siuiaces  (Fig.  i) ;  otherwise  the  siuiace  of  the  meteorite 
seems  fairly  smooth,  although  variegated  with  the  characteristic 
shallow  depressions,  like  thumb-prints,  which  are  common  to 
many  stony  meteorites.  In  addition  to  the  subparallel  veins 
before  noted,  there  are  at  least  two  others  roughly  at  right  angles 
to  them,  which  are  less  clearly  marked  than  the  series  of  six.  It 
may  be  there  are  really  more  than  two  in  this  group.  In  any  case, 
they  are  not  prominent,  and  either  they  are  discontinuous,  or 
else  the  vein-filling  material  is  wanting  in  places,  making  them 
inconspicuous  on  that  accoimt. 

The  crust  seems  to  be  of  equal  thickness  on  each  face,  appar- 
ently being  a  secondary  fusion  surface  everywhere  except  on  the 
side  shown  in  Fig.  i,  which  appears  also  to  have  been  the  side 
protected  from  the  rush  of  air  after  disruption  of  the  meteorite. 
All  the  surfaces  show  the  system  of  tiny  cracks,  like  the  crazing 
of  china,  which  is  coimnon  to  stony  meteorites. 

On  places  from  which  the  crust  is  broken  it  can  be  seen  that 
the  matrix  of  the  stone  is  pale  gray,  specified  with  pale  brown 
chondrules  as  large  as  3  mm.  in  diameter.  The  matrix  is  friable 
and  easily  broken,  the  chondrules  breaking  freely  out  of  the  matrix. 
There  appears  to  be  a  good  deal  of  troilite,  but  the  iron  does  not 
show  so  clearly  because  it  lacks  the  reflecting  fracture  faces  which 
niake  the  troilite  apparent. 

2.  The  Loran  specimen  weighing  7  lbs.  \  oz.  (3,186  gm.)  is 
an  irregular  hexahedron  with  three  pairs  of  subparallel  sides. 
It  may  be  described  as  an  irregular  rhombohedron,  of  which  two 
axes  are  at  right  angles  to  one  another,  the  third  axis  being  at 
approximately  right  angles  to  one  axis  and  inclined  at  an  angle 
of  about  80°  to  the  other. 

The  crust  is  almost  complete  except  for  one  side,  which  is  a 
nearly  plane  fracture  surface.  Almost  parallel  to  the  fractured 
face  are  veins  which  can  be  traced  completely  aroimd  the  stone. 
The  fracture  face  itself  follows  one  of  the  veins,  so  that  much  of 
the  surface  is  vein  material.     This  vein  is  cut  by  two  short 
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B 


Fig.  1 

A,  The  large,  wedge-shaped  specimen  of  the  Richardton  Meteorite,  lying  on  one 
side,  the  edge  of  the  wedge  being  to  the  left,  showing  traces  of  the  veins  on  the 
smooth,  primary-fusion  surface. 

B,  Side  view  of  the  same  specimen  standing  on  the  smooth  face  shown  above,  showing 
the  secondary-fusion  surfaces  developed  after  disruption  of  the  meteorite.  The 
two  lower  comers  are  broken.    The  scale  reads  in  centimeters. 
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cross- veins  and  oflFset  by  one.  The  veins  in  this  specimen  seem  to 
be  composed  largely  of  troilite.  Troilite  is  dissejtninated  through- 
out the  stone  and  forms  ledges  along  the  veins. 

3.  The  largest  member  of  Kern's  collection  is  a  well-crusted 
specimen,  bounded  by  one  flat  side  and  a  hemispheroid.  The 
flat  surface  appears  to  be  a  fracture  plane  following  a  troilite 
vein.    The  stone  weighs  1,357  gm. 

4.  A  seven-sided  boloid  found  by  Nickolas  Kuntz,  weighing 
2  lbs.  10  oz.  (1,192  gm.),  is  covered  with  shallow  depressions  of 
the  common  finger-print  type.  It  shows  several  veins  of  more 
than  one  group.  There  is  no  smooth  face  which  may  be  inter- 
preted as  that  sheltered  during  flight. 

5.  Preserved  at  the  University  of  North  Dakota  is  a  very 
black  coated  specimen  found  by  Bernard  Kuntz,  weighing  1,022  gm. 
One  side  is  smooth,  showing  clearly  the  traces  of  intersecting  veins, 
and  the  other  faces  are  pitted  with  shallow  depressions.  Either 
the  smooth  face  was  the  side  away  from  the  rush  of  air  during 
flight,  or  it  is  of  earlier  origin  than  the  rough  faces,  which  may 
be  secondary  Surfaces  fused  over  after  disruption  during  passage 
through  the  atmosphere. 

6.  Fourteen  small  pieces  weigh  515,  498,  349,  312,  309,  305, 
240,  232,  207,  168,  163,  161,  127,  and  123  gm.  respectively. 
These  specimens  are  rounded  boloids  covered  with  fused  crust, 
angular  fragments  completely  covered  with  fused  crust  of  various 
degrees  of  denseness,  pieces  broken  either  by  impact  with  the 
ground  or  dining  examination  by  the  finders,  and  combinations 
of  these  groups.  In  many  cases  troilite  in  melted  blebs  embosses 
the  fused  surfaces,  indicating  that  many  secondary  faces  follow 
the  planes  of  veins. 

This  group  of  small  specimens  furnislies  evidence  of  at  least 
three  degrees  of  fusion.  First,  there  are  black  faces  which  are 
very  smooth  and  show  the  traces  of  veins  as  welts,  apparently 
sides  protected  from  the  direct  impact  of  air  in  flight.  Other 
black  faces  are  dappled  with  small  finger-print-like  depressions, 
lumps  and  depressions  being  equally  covered  with  fusion  crust, 
having  been  corroded  apparently  by  the  blast  of  hot  air  com- 
pressed in  front  of  the  meteorite  during  its  passage  through  the 
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air.  Second,  there  are  rough  surfaces,  not  smoothed  by  fusion 
and  still  bearing  the  roughness  of  original  fracture,  burned  to  a 
dark-brown  color,  the  points  being  rounded  off  and  black,  but  the 
depressions  being  unfused  in  places.  These  areas  cut  sharply 
across  the  black,  well-fused  faces,  and  are  clearly  of  later  origin. 
Third*,  a  few  small  fragments  have  some  surfaces  only  slightly 
fused;  perhaps  the  words  "scorched"  or  "singed"  well  describe 
the  degree  of  fusion.  Only  the  points  of  rough,  broken  surfaces 
are  blackened  by  fusion,  most  of  the  area  is  light  gray  and  unfused, 
but  here  and  there  outstanding  pyroxene  chondrides  and  troiUte 
grains  have  melted  and  run  a  few  millimeters  over  the  unfused 
material.  These  faces,  in  some  cases,  are  in  the  form  of  spalls 
out  of  the  other  types  of  fusion  crust.  It  is  clear  that  they  are 
the  youngest  of  the  fused  surfaces  (Fig.  2,  B  and  C). 

Under  the  microscope  it  can  be  seen  that  these  stones  are  com- 
posed chiefly  of  olivine,  monoclimc  pyroxene,  glass,  metallic  iron, 
and  troilite.  The  texture  is  markedly  chondritic.  The  matrix 
consists  chiefly  of  small  crystals  and  fragments  of  olivine  and 
pyroxene  scattered  throughout  a  scanty,  glassy  matrix.  The 
chondrules  are  of  the  following  types:  (a)  Spheroids,  each  composed 
of  part  of  an  olivine  crystal.  (6)  Spheroids,  each  composed  of 
part  of  a  pyroxene  crystal,  (c)  Little  spheroids  of  colorless  glass, 
(d)  Larger  spheroids  containing  well-defined  olivine  crystals.  In 
some  examples  the  crystals  are  crowded  together,  in  others  they 
are  scattered  in  the  glassy  groimd-mass  of  the  chondrule.  In  a 
variety  of  this  type  the  crystals  appear  to  be  arranged  with  their 
crystal  axes  parallel,  (e)  Glassy  chondrules  with  radiating  and 
fibrous  cryptocrystalline  texture.  Some  of  the  large  pieces  of 
olivine  show  many  minute  inclusions  in  irregular  linear  distri- 
bution. 

A  notable  characteristic  of  this  meteorite  is  the  veining  (Fig.  2, 
A),  The  veins  are  composed  chiefly  of  troilite,  and  metallic 
iron  and  nickel.  They  are  not  continuous,  for  they  contain  areas 
in  which  there  is  no  metallic  material.  The  veins  seem  to  vary  in 
different  cases  from  containing  almost  nothing  but  metal  to  carry- 
ing only  troilite.  In  most  cases  metal  and  sulphide  are  mingled 
in  a  manner  which  suggests  contemporaneous  deposition  or  con- 
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A,  A  polished  surface  showing  the  apparent  concentration  of  metal  in  veins.  Some 
of  the  chondrules  have  so  high  a  polish  that  one  must  look  closely  to  distinguish 
the  metal  from  the  polished  chondrules. 

B,  A  specimen  showing  the  natural  fracture  face  ((/),  the  tertiary  fusion  surface 
(c),  and  a  little  of  the  secondary  fusion  surface  (6). 

C,  A  specimen  showing  all  degrees  of  fusion:  (a)  indicates  the  primary,  (6)  indicates 
the  secondary,  (c)  indicates  the  tertiary  fusion  faces,  and  ((/)  indicates  the  broken, 
unfused  interior  of  the  meteorite. 
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centration.  Parts  of  the  veins  have  been  examined  in  both 
polished  surfaces  and  in  thin  sections  under  the  microscope.  The 
metal  seems  to  have  been  deposited  witho.ut  any  violence  having 
affected  the  chondrules,  as  a  general  thing;  however,  one  chon- 
drule  seem&  to  be  represented  by  only  half  a  sphere,  the  metal  being 
in  juxtaposition  with  the  plane  side.  In  most  cases,  nevertheless, 
^  the  metal  or  sulphide  partly  surrounds  or  incloses  the  imbroken 
chondrules.  The  writer  has  seen  no  case  of  a  chondrule  penetrated 
by  metal,  although  some  of  the  chondrules  include  tiny  grains 
of  troilite  in  bordering  zones.  In  cases  where  both  metal  and  sul- 
phide are  in  the  vein  the  two  are  mingled  in  irregular  shapes 
which  have  a  smooth  surface  of  contact;  in  some  cases  the  troilite 
is  scattered  both  within  and  near  the  borders  and  outside  the 
metal,  in  other  cases  taking  the  place  of  the  chief  constituent  of 
the  vein  and  containing  small  irregular  grains  of  metal. 

Iron  and  troilite  veins  are  not  unconimon  in  stony  meteorites. 
In  some  cases  both  minerals  are  present,  and  in  others  there  is 
but  one.  Of  American  falls  the  following  are  reported  definitely 
to  contain  iron  veins:  Danville,'  Marion,'  Farmington,*  Estacado,* 
and  Pipe  Creek.*  Troilite  veins  are  reported  in  both  McKinne/ 
and  Cosby  Creek.'  In  most  of  these  the  iron  and  sulphide  are 
concentrated  apparently  in  the  veins,  although  in  most  other 
meteorites  the  iron  and  troilite  are  disseminated  in  irregular  grains 
throughdut  the  mass.  The  relations  of  the  minerals  are  com- 
monly obscure;  for  example,  Bath  Furnace*  has  troilite  intruding 
riven  metallic  particles  as  though  of  younger  age  than  the  iron, 
and  also  troilite  completely  enclosed  in  iron,  indicating  the  oppo- 
site. But  in  Allegan*  the  sulphide  does  not  occur  as  blebs  within 
the  iron  as  the  silicates  do,  indicating  that  it  is  not  necessarily 
either  antecedent  or  contemporaneous  with  the  iron.    In  the  case 

'  Farrington,  op.  ciLy  quoting  Smith,  p.  156. 

*  Ibid.,  quoting  Brezina,  p.  296. 

*  Ibid.y  quoting  Meunier  and  Preston,  p.  187. 

*  Ibid.,  quoting  Howard  and  Davison,  p.  174. 
s  Ibid.,  quoting  Brezina,  p.  353. 

*  Ibid.,  quoting  Brezina,  p.  291.  •  Ibid.,  quoting  MerriD,  p.  50. 
T  Ibid.,  quoting  Shcpard,  p.  138.  •  Ibid.,  p.  30. 
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of  Richardton,  however,  the  troilite  and  iron  seem  clearly  to  be 
contemporaneous. 

Polished  surfaces,  ^parallel  to  a  vein  and  cutting  the  vein, 
totaling  a  surface  of  10  sq.  cm.,  show  nickel  iron  containing 
irregular  grains  of  troilite,  in  which  there  are  three  specks 
of  metallic  coppter,  the  largest  grain  measuring  about  0.6  by 
0.08  mm.  This  seems  to  be  the  first  report  of  metallic  copper^ 
in  a  meteorite.  Copper  has  been  determined  in  traces  by 
chemical  analysis,  but  the  character  of  its  occurrence  was  un- 
known. It  has  been  remarked  before  that,  whatever  the  con- 
ditions under  which  metallic  iron  and  nickel  are  deposited  in  these 
and  similar  veins  in  meteorites,  the  conditions  must  have  been 
reducing  in  the  extreme.  It  is  not  surprising,  therefore,  that, 
with  iron  in  the  reduced  forms  of  ferrous  sulphide  and  metal, 
copper  also  should  be  metallic.  Copper  inclosed  in  iron  sulphide, 
which  is  also  inclosed  in  metallic  iron,  may  suggest  that  some  of 
the  sulphur  was  once  in  combination  with  the  copper,  previous  to 
reduction  of  the  metals. 

A  determination  of  the  specific  gravity  of  two  small  specimens 
without  metallic  veins,  weighing  168  and  127  gm.  respectively,' 
gave  the  result  3.76.    Specimens  with  veins  would  yield  a  higher 
specific  gravity  detercMnation. 

Following  is  an  analysis  by  J.  E.  Whitfield,  for  privilege  of 
early  publication  of  which  we  are  indebted  to  Dr.  George  P.  Merrill, 
of  the  National  Museum: 

Percentage 

Metallic  portion  iQ-QO 

Silicate  portion 80.10 

The  metallic  portion  yielded  as  follows: 

Percentage 

Fc go. 89 

Ni 8.92 

Co o.is 

P 0.04 

100.00 
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The  silicate  portion  yielded: 

Percentage 
SiOa 44  49 

TiO, o.io 

AlA 2.46 

CtaOj 0.64 

FeA 4.34 

PaOs None 

MnO 0.19 

FeO 16.23 

CaO 2.69 

MgO  28.32 

NaaO 0.8s 

KaO 0.165 

100. 475 

These  analyses  were  made  from  fragments  apparently  repre- 
sentative of  the  matrix  of  the  meteorite,  but  not  representative 
of  the  vein  material.  From  the  absence  of  sulphur  and  copper 
in  the  analysis  it  appears  that  the  vein  material  is  generally  dif- 
ferent from  the  rest  of  the  stone. 

On  November  9,  10,  and  11,  1919,  the  following  data  and 
evidence  were  collected  at  the  places  noted. 

At  Mandan,  70  miles  east  and  about  10  nules  north  of  the 
locality  of  the  fall,  several  people  saw  the  meteorite.  It  happened 
that  there  were  two  troop-trains  in  the  yards  at  the  time  and  any 
noise  the  meteorite  made  was  not  noticed  during  the  celebration. 

At  Dickinson,  30  miles  northwest  of  the  locality,  the  meteorite 
appeared  as  a  bright  light  which  went  out  suddenly,  accompanied 
by  a  rushing,  roaring  soimd  which  seemed  to  shake  the  air. 

A  person  interviewed  in  Richardton  was  in  New  Leipzig,  about 
.20  miles  southeast  of  the  locality,  at  the  time  the  meteorite  fell. 
He  had  just  gone  to  bed  when  he  was  startled  by  a  brilliant  light, 
which  he  took  momentarily  for  the  headlight  of  a  locomotive; 
however,  he  went  to  the  window  and  saw  a  meteorite  passing  to 
the  west  of  the  town,  going  apparently  in  a  northwest  direction 
and  falling  at  a  low  angle.  The  witness  recalled  that  there  was  a 
roaring  sound  like  that  of  an  airship  for  about  two  miniites,  fol- 
lowed by  a  violent  explosion;  it  was  a  fearful  and  terrifying  noise, 
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rattling  the  windows  and  shaking  the  house  severely,  resembling 
an  earthquake.  To  others  at  New  Leipzig  it  sounded  like  rolling 
artillery. 

Mr.  Bernard  Kuntz,  Section  27,  Township  137,  Range  92  west 
of  the  fifth  principal  meridian,  saw  the  fall.  To  him  the  flight 
seemed  to  be  from  southwest  to  northeast,  making  the  coimtry- 
side  as  bright  as  day.  He  described  the  noise  as  like  that  of  an 
airship  or  a  motorcycle.    He  found  several  specimens. 

Mr.  Nickolas  Kimtz  lives  on  another  quarter  of  the  same 
section  as  Bernard  Kimtz.  All  his  family  were  in  bed  and  asleep 
at  the  time,  but  they  were  awakened  by  the  light  and  noise,  which 
they  took  to  be  caused  by  lightning,  thimder,  and  rain.  Mr. 
Kimtz  found  one  boloid  weighing  iij  lbs.,  which  was  in  a  shallow 
hole  on  plowed  land;  another  weighing  2  lbs.  10  oz.,  which  was 
lying  on  the  surface  in  a  pasture;  and  a  third  weighing  about 
g\  lbs. 

Mr.  Rochus  Steiner,  living  in  the  northwest  quarter  of  Sec- 
tion 26,  Township  137,  Range  92,  made  a  written  record  of  the 
fall.  According  to  his  notes  it  was  10:39  p.m.,  Sunday,  June  30, 
1918.  He  noticed  first  a  bright  light  for  one-half  minute;  then 
there  came  a  soimd  like  rolling  thunder  which  shook  the  windows 
of  the  house,  followed  by  a  whistling  like  that  of  a  bullet.  He 
found  a  broken  meteorite  partly  buried  5  or  6  inches  in  the  loose 
earth  at  the  roadside,  the  pieces  weighing  about  6f  lbs. 

Mr.  Leo  Kern,  Section  18,  Township  136,  Range  92,  saw  the 
fall.  He  was  walking  home  about  10  o'clock  at  night,  when 
suddenly  there  was  a  bright  light.  At  first  it  was  like  a  bright 
shooting  star;  then  it  became  a  streak  of  fire  until  it  burst  like  a 
Roman  candle.  It  appeared  to  be  coming  from  the  southeast, 
falling  at  an  angle  of  about  15®  to  the  horizontal.  It  made  a 
"rattling  sound  like  an  airship,"  and  when  it  burst  the  earth 
all  about  him  trembled,  and  the  house  shook  with  the  violence  of 
the  explosion.  He  prudently  took  shelter  behind  a  telegraph  pole, 
as  the  meteorite  appeared  to  be  coming  directly  toward  him. 
After  the  explosion  he  heard  pieces  flying  through  the  air  like 
whistling  bullets,  and  pieces  rattled  against  the  roof  of  his  barn, 
where  he  found  some  later.    After  the  meteorite  had  burst  there 
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appeared  to  be  a  traU  of  "smoke  or  steam"  in  the  line  of  flight. 
Several  spedmens  were  foimd  by  his  daughters,  Misses  Emma  and 
Irene  Kern,  and  contributed  by  them  to  the  collection  of  the 
University  of  Minnesota. 

Mrs.  Nell  F.  Rodenbour,  postmistress  at  Lemmon,  South 
Dakota,  writing  February  25,  1919,  describes  the  fall  as  follows: 

I  saw  this  meteorite  myself  and  can  only  describe  it  thus:  At  about  11 
o'clock  at  night  we  heard  a  dull  roar  like  thunder,  and  we  all  ran  out  of  the 
house  to  see,  and  there  appeared  a  bright  flash  of  light  across  the  whole  sky. 
It  fell  to  the  northwest,  more  north,  and  left  a  tail  of  light  which  remained 
for  fully  fifteen  minutes. 

Lemmon  is  about  45  nules  south  and  8  miles  east  of  the  place 
where  most  of  the  meteorite  fell. 

Mr.  N.  R.  St.  Marie,  of  Hettinger,  North  Dakota,  wrote  on 
February  27  as  follows: 

The  writer  was  lucky  enough  to  get  an  almost  perfect  view  of  the  meteo* 
rite.  I  was  seated  in  an  auto  sky-gazing,  when  it  attracted  my  attention 
as  a  shooting  star.  In  a  moment  I  saw  that  it  was  out  of  ordinary.  Starting 
from  very  high  it  fell  rapidly  earthward,  a  little  to  the  east  of  north,  about 
10  or  15  degrees,  I  judged.  As  it  came  down  it  illuminated  the  landscape 
to  almost  the  brilliancy  of  sunlight,  but  the  light  was  first  of  a  green  and  later 
of  a  yellow  hue.  A  faint  whistling  was  discemable  to  part  of  our  party; 
others,  however,  said  they  didn't  notice  any  sound. 

I  was  65  miles  south  and  15  miles  west  of  Hettinger  at  the  time. 

In  answer  to  further  inquiry,  on  March  i,  191 9,  Mr.  St.  Marie 
added: 

I  first  noticed  it  very  high  in  the  heavens  giving  the  appearance  of  being 
nearly  over  me;  as  it  approached  the  earth  it  appeared  more  and  more  to 
the  northeast. 

This  observer  was  100  miles  south  and  30  nules  west  of  the  locality 
of 'the  fall  at  the  time. 

Mr.  Lewis  Loran,  Section  33,  Township  137,  Range  92,  found 
several  sp)ecimens  of  the  fall,  and  was  a  witness  of  the  phenomena. 
On  December  12,  1918,  he  wrote  the  following  detailed  descrip- 
tion of  the  fall: 

It  was  June  30,  at  10  p.m.;  my  wife  and  I  were  in  my  yard,,  and  I  looked 
at  the  sky  and  I  discovered  the  meteor.    It  was  as  large  to  me  as  about  two 
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inches  in  diameter,  and  it  was  just  where  the  sun  is  about  the  first  week  in 
November  at  fifteen  minutes  after  twelve.  It  came  nearer  and  nearer,  and 
larger  and  larger,  so  at  last  I  thought  I  must  go  out  of  its  way  or  it  would 
strike  me.  It  was  at  least  as  big  to  me  as  the  sun  is  sometime  in  August 
when  it  sets,  but  more  than  three  times  as  light ;  then  it  flashed  out  (it  was  a 
cloudless  night  and  no  wind),  and  it  was  all  still.  I  said  to  my  wife,  "Where 
is  it  now  ?  It  has  to  come.  It  is  so  near  to  the  surface  of  the  earth."  It 
just  took  this  long  to  say  these  words  when  we  heard  a  great  racking  in  the 
air  in  the  same  direction,  and  in  a  few  seconds  we  heard  the  pieces  sounding 
through  the  air  like  shells.  We  could  hear  that  there  were  some  smaller  and 
some  larger  pieces,  and  that  some  went  beyond  us  and  some  fell  south  of  us. 
But  the  worst  racking  and  noise  was  the  exploding  in  the  air.  It  seemed  that 
it  shook  the  ground  under  my  feet,  and  I  could  hear  the  windows  in  my  house 
rattle.  We  could  not  see  the  pieces,  but  we  could  hear  them,  and  we  could 
tell  that  they  came  from  the  direction  from  which  the  nieteorite  came. 

The  light  of  the  meteor  was  seen  over  more  than  400  square  miles,  and  t  he 
noise  was  heard  over  250  square  miles. 

The  following  account  of  the  fall  was  written  by  Mr.  Orris 
W.  Roberts,  meteorologist,  United  States  Weather  Bureau,  Bis- 
marck, North  Dakota: 

This  meteorite  was  observed  by  the  writer.  I  was  driving  my  automobile 
some  distance  east  of  Bismarck  on  the  night  in  question.  As  we  make  reports 
of  such  phenomena  I  am  in  position  to  give  some  information.  The  time  of 
observation  was  10:48  p.m.,  June  30,  1918.  The  meteorite  appeared  to  move 
somewhat  north  of  east  and  the  explosion  was  plainly  to  be  seen,  although  no 
report  reached  the  observer.    The  light  was  intense,  lighting  up  the  entire 

sky The  location  of  the  meteorite  at  the  time  of  the  explosion  as 

located  on  our  reports  would  indicate  that  it  occurred  over  eastern  Hettinger 
county. 

Writing  on  March  19,  1919,  Mr.  Roberts  recalled  that  the 
meteorite  appeared  to  be  falling  at  an  angle  of  less  than  45®  to 
the  horizontal.  Bismarck  is  74  miles  east  and  10  miles  north  of 
the  locality  where  the  meteorite  fell. 

There  is  apparent  a  discrepancy  of  about  an  hour  between 
the  time  of  fall  as  given  by  Mr.  Roberts,  a  trained  observer,  and 
that  given  by  almost  all  the  other  witnesses.  The  explanation  is 
that  Mr.  Roberts,  stationed  at  Bismarck,  uses  Central  time, 
whereas  the  other  observers  quoted  live  west  of  the  Missouri 
River,  which  is  the  geographical  boundary  between  users  of  Central 
and  Mountain  time  in  that  latitude.    Mr.  Roberts'  estimate  that 
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the  explosion  occurred  over  eastern  Hettinger  county  is  shown 
by  other  witnesses  to  be  correct.  The  green  light  noted  by  Mr. 
St.  Marie  may  have  been  caused  by  the  presence  of  copper  in  the 
meteorite.  Mr.  Loran's  estimate  of  the  area  over  which  the 
meteorite  was  seen  and  heard  is  low,  because  it  must  have  been 
seen  at  a  distance  of  one  hundred  miles  in  every  direction,  and  the 
sound  was  heard  at  least  fifty  miles  from  the  place  of  fall. 

One  who  has  read  the  descriptions  of  other  meteorite  faUs 
may  recognize  a  notable  expansion  with  the  times  in  the  language 
of  the  witnesses.  Doubtless  the  phenomena  have  been  generally 
similar.  There  have  been  a  streak  of  light,  the  noise  of  disruption 
or  merely  of  the  swift  passage  of  masses  through  the  air,  and  in 
some  instances  the  whistling  of  smaller  pieces.  In  early  descrip- 
tions the  witnesses  compared  the  noises  almost  exclusively  to 
thunder  and  the  rolling  of  wagons;  later  came  comparisons  to  the 
roar  of  artillery  fire  or  the  rumble  of  cannons,  then  to  noises  like 
a  railway  train,  and  to  the  sound  of  a  train  of  cars  on  a  bridge. 
The  Modoc  fall  in  1905  perhaps  is  the  first  to  have  been  compared 
to  the  noise  of  machine-gun  fire,  but  in  the  descriptions  of  the 
Richardton  fall  the  noises  of  small  pieces  are  compared  to  that 
caused  by  the  flight  of  shells  and  bullets;  whereas,  to  describe 
the  general  noise  of  the  fall,  the  witnesses  introduced  in  comparison 
the  motorcycle  and  even  airships. 

The  Richardton  meteorite  is  the  third  to  be  reported  from 
North  Dakota,  the  others  being  two  iron  meteorites:  (i)  at  James- 
town, Stutsman  County,  weighing  originally  4,015  gm.,  found  in 
1885,  date  of  fall  unknown;  and  (2)  at  Niagara,  Grand  Forks 
County,  weighing  115  gm.,  found  in  1879,  date  of  fall  also 
unknown.  Richardton  is  the  only  fall  which  has  been  reported 
as  seen  to  fall  in  North  Dakota,  and  it  is  by  far  the  largest  found 
in  the  state.  Of  the  three  meteorites,  the  only  one  preserved  in 
collections  of  the  state  is  Richardton.  Two  representative  boloids, 
weighing  2  lbs.,  and  12  oz.,  respectively,  are  at  the  state  univer- 
sity. Both  the  Jamestown  and  the  Niagara  meteorites  are  widely 
distributed  throughout  the  collections  of  the  world.  In  this  con- 
nection it  may  be  urged  that  finders  of  meteorites  should  try  to 
have  a  representative  of  every  fall  placed  on  exhibition  some- 
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where,  preferably  at  the  state  university  museum,  within  the 
state  in  which  it  fell.  In  this  way  some  of  the  public  would 
become  familiarized  with  meteorites,  their  general  appearance, 
and  their  nature.  The  work  of  the  collector  and  scientific  investi- 
gator would  be  lightened  if  the  finders  of  meteorites  could  be 
deterred  from  believing  that  meteorites  contain  gold,  silver, 
platinum,  radium,  and  other  rare  metals  in  large  quantities,  and 
from  investigating  meteorites  with  sledge  hammers. 

With  the  help  of  Professor  W.  O.  Beal,  of  the  department  of 
astronomy  of  the  University  of  Minnesota,  the  azimuth  and 
vertical  angle  of  the  fall  of  the  meteorite  have  been  computed, 
using  the  description  of  Mr.  Loran. 

In  Mr.  Loran's  position  at  12:15,  ^^  ^^^c  local  time  is 
12:45  P.M.,  at  which  time  the  sun  is  12®  W.  of  S.  In  his  latitude 
on  the  seventh  day  of  November  the  sun  is  at  an  elevation  of  27® 
above  the  horizon  at  noon.  Thus,  according  to  Mr.  Loran  the 
meteorite  fell  in  a  direction  12**  E.  of  N.,  making  a  vertical  angle 
of  about  2f  with  the  earth's  surface. 

Mr.  St.  Marie,  100  miles  to  the  south  and  30  miles  west  of 
Mr.  Loran,  thought  the  meteorite  started  to  bum-inmiediately 
above  him.  His  bearing  from  Mr.  Loran  was  17**  W.  of  S.,  showing 
that  Mr.  Loran's  estimate  of  12®  W.  of  S.  must  be  nearly  correct. 
Furthermore,  Mr.  St.  Marie  estimated  the  direction  of  flight  as 
from  10^  to  15®  E.  of  N.  Mr.  St.  Marie  and  Mr.  Loran  were  104I 
miles  apart  at  the  time  of  their  observations,  representing  the 
locations  of  the  incipient  incandescence  and  the  landing  of  the 
meteorite.  If  the  meteorite  fell  in  a  straight  line  the  altitude 
of  the  meteorite  when  it  started  to  bum  was  at  least  54J  miles 
above  the  earth's  surface,  allowing  i^  miles  for  the  earth's  curva- 
ture. This  height  should  be  increased  probably  to  at  least  60 
miles  because  the  meteorite  probably  did  not  fall  in  a  straight 
line,  but  rather  in  a  parabolic  ciu*ve,  although  there  are  no  data 
recorded  about  that  except  Mr.  St.  Marie's  note  that  the  meteor- 
ite appeared  to  fall  progressively  more  toward  the  east.  It  seems 
safe  to  say  that  the  meteorite  started  to  bum  at  a  great,  but  not 
an  unusually  great,  height  above  the  earth.  Heights  of  40  and  100 
miles  bound  the  region  in  which  meteorites  commonly  start  to  bum. 
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At  a  height  of  60  miles  above,  the  earth  the  air  is  extremely 
thin,  indicating  that  tjbe  meteorite  entered  the  atmosphere  at  a 
very  iiigh  velocity,  otherwise  it  would  not  have  developed  enough 
friction  with  the  air  to  cause  combustion.  The  meteorite  fell 
near  latitude  46®  30',  in  June,  at  approximately  10  p.m.,  at  an 
angle  of  27®  to  the  surface,  going  northward,  from  which  data  it 
follows  that  the  meteorite  was  falling  toward  the  sun  when  it  was 
intercepted  by  the  earth.  Falling  at  an  angle  of  about  90®  to  the 
course  of  the  earth,  the  meteorite  entered  the  earth's  atmosphere 
at  neither  the  highest  nor  the  lowest  velocity  possible  relative  to 
the  earth.  In  other  words  it  fell  neither  directly  opposite  to  the 
earth's  flight,  the  condition  of  maximum  velocity,  nor  did  it 
catch  up  with  the  earth,  a  condition  of  minimum  velocity.  How- 
ever, a  meteorite  falling  toward  the  sun  at  the  distance  of  the 
earth's  orbit  commonly  has  a  velocity  of  25  miles  per  second.  By 
the  earth's  attraction  the  velocity  might  have  been  increased  to 
30  miles  per  second.  It  seems  a  conservative  estimate  to  call  the 
velocity  of  the  meteorite  when  it  entered  our  atmosphere  about  30 
miles  per  second. 

The  general  unbroken  condition  of  most  of  the  examples  of 
the  fall,  in  spite  of  their  brittle  nature,  indicates  that  the  meteorite 
struck  the  earth's  surface  at  a  relatively  low  velocity.  It  is  not 
clear  why  a  meteorite  should  become  incandescent  in  a  very 
tenuous  atmosphere,  60  miles  above  the  earth,  and  then  why 
its  broken  fragments  after  disruption  in  much  denser  air  should 
not  burn,  unless  the  velocity  is  decreased  enormously  during  its 
passage  through  the  air.  The  meteorite  must  have  passed  through 
at  least  117  miles  of  air  from  the  time  it  commenced  to  bum  \mtil 
it  reached  the  earth.  This  thickness  of  atmosphere  appears  to 
have  offered  enough  obstruction  to  the  passage  of  the  meteorite 
to  reduce  the  velocity  from  probably  about  30  miles  per  second  to 
something  much  less.  All  this,  of  course,  is  quite  in  accordance 
with  conunonly  accepted  notions  as  to  the  general  behavior  of 
meteorites.  If  anything,  the  height  at  which  the  meteorite  is 
estimated  to  have  commenced  to  bum  is  somewhat  low  for  the 
velocity  postulated.  However,  the  general  probability  of  the  con- 
clusions reflects  most  creditably  upon  the  accuracy  of  the  observa- 
tions of  both  Mr.  Loran  and  Mr.  St.  Marie. 
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Although  after  explosion  it  seems  that  the  meteorite  was  not 
incandescent,  it  certainly  was  fused  additionally;  for  all  the 
surfaces  freshly  exposed  by  the  main  disruption  were  completely 
fused  over  by  the  time  the  fragments  reached  the  earth.  To  such 
an  extent  was  that  accomplished  that  it  is  not  quite  certain  to 
the  writer  that  all  the  material  discovered  entered  the  atmosphere 
as  parts  of  a  single  mass.  Many  of  the  smaller  pieces,  particularly, 
appear  as  if  they  may  be  units  of  a  shower.  Among  the  smallest 
pieces  certain  specimens  show  clearly  three  degrees  of  fusion. 
All  the  specimens  from  the  northern  part  of  the  locality  are  covered 
with  a  thick,  well-fused  crust.  Only  the  small  pieces  from  the 
southern  part  of  the  area  have  slightly  fused  surfaces.  These 
small  pieces  went  through  at  least  5  miles  less  of  the  atmos- 
phere than  the  thoroughly  fused  pieces,  and  some  of  them,  at  least, 
are  fragments  of  a  second  disruption  which  must  have  occurred 
very  near  the  earth.  Presumably  the  small  pieces  fell  first  because 
they  oflfer  more  areal  resistance  to  the  atmosphere  per  unit  mass 
than  the  larger  pieces. 

Unquestionably  atmospheric  obstruction  is  responsible  for  the 
fusion  and  disruption  of  the  meteorite.  Disruption  is  commonly 
ascribed  to  shock  of  impact  with  the  air,  and  to  the  disruptive 
eflFect  of  heat.  The  heat,  however,  probably  penetrates  a  very 
little  distance  beyond  the  crust  of  actual  fusion  and  combustion, 
and  the  character  of  meteorite  ruptures  certainly  is  not  like  that 
due  to  the  spalling  of  heated  surficial  masses.  In  most  cases 
meteorites  are  broken  through  the  main  mass,  rather  than  shelled 
off  in  the  familiar  manner  of  insolation  spalling  of  massive  rocks. 
In  the  case  of  the  Richardton  meteorite,  rupture  was  facilitated 
in  places  by  the  presence  of  metallic  and  troilite  veins,  which  are 
planes  of  weakness.  Several  specimens  are  bounded  partly  by 
more  or  less  fused  metallic  vein  matter. 

The  question  arises  as  to  why  the  light  of  the  meteorite  ceased 
with  its  disruption.  The  disruption  of  the  meteorite  is  described 
as  an  explosion,  but  this  is  probably  a  poor  choice  of  words.  There 
is  apparently  nothing  in  the  meteorite  capable  of  causing  an 
explosion;  but  if  it  had  exploded,  part  of  the  mass  would  have 
continued  at  a  higher  velocity  relative  to  the  air  and  part  at  a 
speed  less  than  that  previous  to  its  explosion.    The  fact  is  that 
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the  light  ceased  after  disruption,  proving  that  the  velocity  was 
lessened  rather  than  increased,  and  indicating  that  the  meteo- 
rite fell  apart  but  did  not  explode.  Such  a  disruption,  of  itself, 
should  not  decrease  the  velocity  of  flight,  and  except  for  the 
influence  of  the  larger  surfaces  exposed,  before  noted,  the  meteor- 
ite fragments  should  have  continued  to  bum  after  disruption  as 
before.  The  fact  that  they  did  not  bum  again  indicates  that  the 
velocity  of  the  meteorite  was  so  decreased  at  the  time  of  disrup- 
tion that  the  exposure  of  intensely  cold  surfaces  from  the  interior 
of  the  meteorite,  added  to  the  increased  damping  effect  of  the 
atmosphere  on  larger  surfaces,  was  sufficient  to  prevent  the  intense 
temperatures  necessary  for  burning.  Thereafter,  the  velocity  of 
the  meteorite  must  have  decreased  progressively  as  it  entered 
denser  and  denser  air  until  it  reached  the  surface.  Although  not 
heated  enough  by  this  obstruction  to  bum  brightly  after  disruption, 
the  meteorite  certainly  was  heated  enough  to  cover  the  larger  pieces 
with  a  heavy  fused  crust,  and  to  form  a  thinner  crust  on  the 
smaller  pieces.  The  smaller  pieces  had  a  thin  crust  both  because 
they  went  less  rapidly  than  the  larger  pieces  through  the  air, 
and  because  they  went  a  shorter  distance  through  the  atmosphere 
after  disruption. 

Many  residents  of  the  district  in  which  the  meteorite  fell  have 
assisted  greatly  in  collecting  data  and  specimens.  In  addition  to 
those  especially  mentioned  above,  Mr.  John  Muggli,  of  Richardton, 
has  extended  many  courtesies  and  has  given  much  help.  Mr. 
W.  A.  Force,  of  the  Photo  Art  Shop,  Minneapolis,  has  given  of 
his  time  and  experience  in  securing  the  photographs  from  which 
the  illustrations  are  made.  Funds  and  opportimity  to  investigate 
the  phenomena  of  the  fall  and  to  coUect  specimens  for  the  museum 
were  provided  by  the  University  of  Minnesota. 

A  new  fall  has  been  named,  classified,  and  described.  The 
phenomena  of  fall  have  been  reported  more  fully  than  usual,  and 
certain  conclusions  in  regard  to  the  direction  of  flight,  velocity, 
and  consequences  of  disruption  of  the  meteorite  seem  to  follow 
reasonably.  The  meteorite  is  noteworthy  for  the  concentration 
of  metallic  iron  and  nickel  and  iron  sulphide  in  veins.  The 
discovery  of  visible,  metallic  copper  in  a  meteorite  is  announced. 
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PRE-CAMBRIAN  ROCKS  OF  SOUTHEAST 
NEWFOUNDLAND^ 


A.  F.  BUDDINGTON 
Brown  University 


The  following  paper  gives  the  more  important  results  of  an 
investigation  based  upon  field  work  carried  on  during  the  summers 
of  1913  and  1914. 

Southeastern  Newfoundland  is  important  geologicaUy  in  that  it 
affords,  as  far  as  is  known,  the  most  complete  section  of  the  later 
pre-Cambrian  rocks  along  the  eastern  coast  of  North  America, 
and  an  imderstanding  of  this  section  should  aid  in  the  correlation 
of  the  later  pre-Cambrian  at  other  localities.  The  term  later 
pre-Cambrian,  as  here  used,  is  possibly  the  equivalent  of  the  terms 
Proterozoic  or  Algonkian. 

LOCATION  AND  GEOGRAPHY 

The  Avalon  Peninsula  (Fig.  i)  forms  the  southeastern  portion 
of  Newfoimdland  and  is  attached  to  the  main  island  by  a  narrow, 
rugged  isthmus,  in  places  but  three  miles  wide,  which  separates 
Trinity  Bay  on  the  north  from  Placentia  Bay  on  the  south.  The 
peninsula  itself  is  in  turn  almost  split  in  twain  again  by  St.  Mary's 
and  Conception  bays.  The  major  portion  of  the  rocks  here 
described  lie  along  the  eastern  side  of  Conception  Bay,  at  the  head 
of  this  bay,  and  in  the  vicinity  of  St.  John's;  but  they  are  believed 
to  be  t3q>ical  of  the  entire  peninsula  and  of  the  later  pre-Cambrian 
rocks  of  eastern  Newfoimdland  in  general. 

Except  for  the  mining  industry  conducted  on  a  large  scale  at 
Great  Bell  Island  in  Conception  Bay,  fishing  is  almost  the  sole 
occupation  of  the  inhabitants.  As  a  consequence  of  this  and  of  the 
imfavorable  character  of  the  interior  of  the  peninsulas,  habitations 

*  Thesis  presented  to  the  faculty  of  Princeton  University  for  the  degree  of  Doctor 
of  Philosophy. 
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are  confined  almost  exclusively  to  the  shore  lines,  and  often  to  small 
vaUeys  at  the  mouths  of  brooks  which  may  be  from  a  fraction  of  a 
mile  to  several  miles  apart. 


Fig.  I 


LITERATURE 


The  literature  on  Newfoxmdland  pre-Cambrian  geology  is  well 
smnmarized  by  Van  Hise  and  Leith  (1909).  Jukes  (1843,  P-  S^)  first 
separated  the  Cambrian  from  the  pre-Cambrian  and  noted  the 
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unconformity  existing  between  them.  He  was  followed  by  Murray 
(1881),  who  gives  accurate  descriptions  of  the  pre-Cambrian  sedi- 
ments and  classes  them  as  the  intermediate  series,  possibly  equiva- 
lent to  the  Huronian  of  Canada.  Walcott  (1899,  p.  219)  proposed 
the  name  Avalon  for  the  terrane  lying  between  the  basal  beds  of 
the  Cambrian  and  the  Archean  gneisses  of  Newfoundland .  Walcott 
{igoo)  described  a  new  pre-Cambrian  terrane  conformable  above 
the  Signal  Hill  series,  which  he  called  the  Random  and  included  in 
the  Avalon  terrane.  Howley  (1907)  published  a  map  in  which  he 
outlined  the  distribution  of  the  Avalonian  series  and  also  distin- 
guished a  formation  composed  of  interbedded  volcanics  and  aqueous 
deposits,  which  he  separated  from  the  base  of  the  Avalonian  terrane 
and  caUed  Lower  Huronian.  The  succession  worked  out  by  Murray 
and  Howley,  the  addition  by  Walcott,  and  the  modification  pro- 
posed by  Howley  are  given  below. 

Feet 

Random                Sandstones,  quartzitic  sandstones,  and  sandy  shales  1,000 

IRed  conglomerate  500 

Dark-red  sandstones  i»320 

Greenish  or  gray  fine-gained  sandstones  i»3oo 

Momable  slates     Dark-brown  or  blackish  slates  2,000 

Torbay  slates  Green,  purple,  pinkish,  or  red  slates  3f300 
Conception  slates  Greenish  slates 

Lower  Huronian    Mixed  igneous  and  aqueous  deposits  in  a  highly  meta- 
morphosed condition 

PHYSIOGRAPHY 

In  general,  the  striking  features  of  the  Avalon  Peninsula  are  the 
parallel  lineaments  of  the  topography;  the  ever-present,  bold, 
rocky  cliffs  of  the  coast;  the  flat-topped  uplands  with  innumerable 
lakes  and  ponds  (Jukes  counted  153  from  the  top  of  Powder  Horn 
Mountain);  and  the  fiord  bays  with  their  deep  interiors  and 
shaUower  thresholds. 

The  topography  is  that  of  a  much-dissected  plateau  at  an 
altitude  of  from  500  to  700  feet,  with  monadnocks  rising  to  heights 
of  1,000  to  1,100  feet,  and  submerged  riv^r  valleys  deeply  gouged  by 
gladers  and  invaded  by  the  sea,  constituting  fiord  bays  and  their 
arms.  The  remnants  of  two  definable  peneplains  may  be  repre- 
sented in  the  present  topography:  one  on  the  highland  peneplain 
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of  the  plateau  surface  (Fig  2),  the  other  represented  in  the  broad 
river  vaUeys  and  lowlands  at  a  height  of  250  to  300  feet. 

The  trend  lines  of  the  more  impressive  and  marked  physio- 
graphic features  have  been  controlled  for  the  greater  part  by  the 
presence  of  ancient  fault  and  fracture  lines,  which  have  to  a  large 
extent  determined  the  distribution  of  the  underlying  rocks,  with 
their  varying  degrees  of  resistance  to  erosion  and  weathering  and 
the  consequent  parallel  lineaments  of  the  present  topography. 
Joints  have  certainly  played  a  prominent  part  in  localizing  the 
erosive  agents. 


Fig.  2. — Highland  peneplain  on  granite;  interior  of  the  St.  John's  Peninsula; 
about  eight  miles  east  of  Holy  rood. 

An  uplift  of  the  land  following  the  period  of  glaciation  is  indi- 
cated by  several  facts.  The  amount  of  this  uplift  has  been  stated 
by  Daly  (1891,  pp.  257-58),  judging  from  the  lower  limit  of  undis- 
turbed glacial  erratics  at  St.  John*s,  to  be  about  575  feet;  but  the 
presence  of  perched  bowlders  in  precarious  positions  on  the  tops  of 
hills  at  much  lesser  elevations  (especially  at  about  300  feet) 
around  Conception  Bay  renders  this  estimate  of  doubtful  value. 

GLACIATION 

The  results  of  glaciation  expressed  in  the  present  topography 
point  to  the  presence  of  local  ice  caps  flowing  into  the  individual 
bays  in  a  direction  perpendicular  to  the  major  outlines  of  the  bays 
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at  each  point,  and  hence  controUed  in  a  great  degree  by  the  gross 
features  of  the  pre-glacial  topography.  The  directions  of  ice 
movement  are  easily  decipherable  from  the  abundant  striations, 
the  stoss  and  lee  sides  of  hills  (Fig.  3),  and  numerous  bowlder 
trains  which  may  be  traced  to  their  source. 

Every  bay  indenting  the  coast  of  the  Avalon  Peninsula  presents 
all  the  essential  characteristics  of  a  fiord,  such  as  high,  steep, 
straight,  parallel  walls,  threshold  across  its  mouth,  and  small, 
insignificant  streams  entering  its  head.  In  Trinity  Bay  (Fig.  i) 
the  inner,  deepest  portion  is  over  1,100  feet  deeper  than  the  sill 
across  the  mouth.  Where  the  relations  are  known  there  is  a  remark- 
able parallelism  between  the  strike  of  the  major  fault  planes  and 


Fig.  3. — Glaciated  hills  with  lee  and  stoss  sides  southeast  of  Harbour  Main, 
Conception  Bay.    Lee  sides  are  on  the  north-northeast  ends  of  hills. 


the  trend  of  the  coast  line,  but  the  writer  could  find  no  evidence 
that  faulting  was  directly  responsible  for  the  formation  of  the 
fiords.  The  faults  and  fractures  controlling  the  lineaments  of  the 
bays  are  of  ancient  date — older  than  the  peneplains — and  their 
influence  on  the  present  topography  has  been  indirect.  The 
formation  of  the  sills  across  the  mouths  of  the  bays  by  deposits  from 
currents  is  improbable,  since  this  theory  will  not  hold  for  the  inland 
fiords  of  Gander  Lake,  Red  Indian  Lake,  or  Grand  Lake,  the  latter 
with  its  deepest  part  not  less  than  988  feet  below  sea-level  and  with 
its  outlet  116  feet  above  sea-level.  In  view  of  these  conditions 
glacial  overdeepening  of  river  valleys  probably  associated  with  some 
submergence  followed  by  the  invasion  of  the  sea  seems  the  best- 
adapted  explanation  for  these  fiord  bays 
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GENERAL  GEOLOGY 

The  later  pre-Cambrian  beds  have  undergone  at  least  two 
periods  of  folding,  one  at  the  close  of  the  later  pre-Cambrian, 
possibly  the  Penokean  revolution,  as  defined  by  Blackwelder 
(1914),  the  other  the  Taconic.  As  a  consequence  of  this,  and  of 
probable  later  movements,  the  beds  are  much  disturbed,  more  or 
less  closely  folded,  and  very  considerably  faulted.  The  core  of  a 
major  anticline  composed  of  complexly  faulted  and  folded  beds  of 
the  volcanic  series,  cut  across  at  a  small  angle  by  a  stock  of  grano- 
diorite,  is  exposed  at  the  head  of  Conception  Bay.  At  Chapel  Cove 
its  eroded  surface  is  overlain  by  beds  constituting  the  south  end  of  a 
northward-pitching  synclinal  fault  block  of  Cambrian  sediments,  in 
which  Conception  Bay  is  excavated.  We  have  here  apparently  the 
phenomenon  of  the  location  of  a  yoimger  syncline  in  sediments 
deposited  in  a  basin  on  the  eroded  crest  of  an  anticline. 

Cutting  across  the  east  flank  of  the  anticline  is  a  batholith  of 
granite  forming  the  backbone  of  the  St.  John's  Peninsula  and  called 
by  the  writer  the  Holyrood  granite  batholith.  This  is  bordered  on 
the  east  by  a  narrow  band  of  the  volcanics  overlain  by  successively 
high^  beds  involved  in  minor  folds  until  the  trough  of  a  major 
syncline  in  the  Signal  Hill  series  is  reached  east  of  St.  John's. 
According  to  Murray  and  Howley's  map  of  1881  the  Carbonear 
Peninsula  is  formed  of  later  pre-Cambrian  beds  which  overlie  the 
volcanics  and  are  involved  in  two  major  synclines  in  the  troughs  of 
which  the  Signal  Hill  series  appears,  with  an  intervening  anticline 
on  the  core  of  which  the  Torbay  series  appears.  The  Placentia 
Peninsula,  according  to  the  same  map,  is  composed  of  a  syncline  of 
beds  in  the  trough  of  which  the  Signal  Hill  series  lies,  while  the 
volcanic  series  forms  its  western  border  and  appears  on  the  flank 
of  an  anticline. 

Metamorphism,  although  not  extreme,  has  yet  affected  the  rocks 
to  a  considerable  degree.  The  beds  lie  in  folds  which,  although 
probably  not  closed,  yet  approach  that  state,  and  a  slaty  cleavage 
at  an  angle  to  the  bedding  is  prevalent  throughout  the  entire  bedded 
series.  Along  localized  zones  basaltic  flows  and  breccias  have  been 
changed  to  chloritic  schists,  and  rhyolite  flows  have  been 
analogously  altered  to  pinite,  quartz-pyrophyllite,  or  pyrophyllite 
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schists  (Buddington,  19 16).  Yet  the  granite,  granodiorite,  and 
many  of  the  volcanics  show  Iktie  or  no  affects  of  metamorphism  and 
are  quite  unaltered. 

Whereas  metamorphism  has  been  a  moderate  factor,  however, 
faulting  on  a  tremendous  scale  and  often  of  remarkable  intensity 
has  been  the  predominating  feature  of  the  diastrophic  processes. 
These  faults  trend  in  the  main  a  little  east  of  north,  and  the  throw 
along  many  of  them  is  measurable  in  thousands  of  feet.  A  few  of 
the  more  important  ones  are  the  fault  between  the  Cambrian  and 
pre-Cambrian  along  the  east  side  of  Conception  Bay  from  Topsail 
to  Cape  St.  Francis,  with  a  throw  of  8,000  feet,  as  determined  by 
van  Ingen;  the  fault  a  short  distance  inland  from  the  west  side  of 
Colliers  Bay  in  Conception  Bay,  which  may  be  traced  for  almost  ten 
miles  and  separates  the  Cambrian  from  the  pre-Cambrian  and  the 
Conception  slates  from  the  volcanic  series;  and  lastly,  the  fault  on 
the  west  side  of  Random  Sound,  which  may  be  traced  for  fifteen 
miles  and  brings  Cambrian  beds  against  pre-Cambrian  granite  and 
the  Conception  slate  series. 

trNCONFORMITY  BETWEEN  CAMBRIAN  AND  LATER  PRE-CAMBRIAN 

The  uncomformable  relations  of  the  Lower  Cambrian  beds  to 
those  of  the  later  pre-Cambrian,  with  the  possible  exception  of  the 
Random  formation,  can  be  definitely  established.  At  eleven  widely 
separated  localities  in  Conception  Bay  the  actual  unconformable 
plane  of  contact  between  the  Lower  Cambrian  and  the  later  pre- 
Cambrian  may  be  observed. 

At  Brigus  the  Lower  Cambrian  rests  with  an  angular  imcon- 
formity  on  the  upturned  beveled  edges  of  members  of  the  Avondale 
volcanic  series.  Along  Colliers  Bay  the  Lower  Cambrian  with  a 
gentle  dip  rests  unconformably  on  more  or  less  vertical  basalt  flows 
and  breccias  of  the  Avondale  volcanic  series.  At  Chapel  Cove  the 
Lower  Cambrian  beds  rest  on  the  eroded  surface  df  a  quartz  syenite 
and  contain  pebbles  of  the  underlying  rock.  At  Duff's  Station  the 
Lower  Cambrian  overlies  granite,  occupying  hoUows  and  filling 
deep,  narrow  wedgelike  spaces  between  joint  planes  so  as  to  resemble 
a  network  of  veins  on  the  surface.  At  Upp>er  GuUies  it  rests  with 
imconformable  relations  on  a  gabbro  mass.    On  Kelligrews  Brook 
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a  chloritized  granite  gneiss  is  overlain  by  Cryptozoan  limestone 
beds  of  Lower  Cambrian  age.  Just  west  of  Manuels  three  exposures 
of  the  unconformable  relations  are  presented.  At  the  first  locality 
limestone  rests  unconformably  on  granite  and  on  a  rhyolite  dike 
in  the  granite.  A  shale  bed  of  Cambrian  age  overlaps  the  limestone 
and  also  rests  directly  on  the  granite  and  contains  pebbles  of  it. 
A  near-by  conglomeratic  limestone  consists  almost  entirely  of 
cobbles  of  rhyolite  similar  to  the  rock  of  the  rhyolite  dike.  At  the 
second  locality  a  deep-fissure  deposit  of  conglomeratic  limestone 
with  pebbles  of  the  country  rock  occurs  in  diabase.  At  the  third 
locality  a  Lower  Cambrian  conglomeratic  limestone  carrying 
Hyolithes  and  Coleoloides  rests  on  dark-red  rhyolite,  the  pebbles 
consisting  almost  entirely  of  the  underlying  rock.  Again,  in  the 
bed  of  Manuels  Brook  a  coarse  conglomerate  rests  imconformably 
on  volcanics  and  on  a  granite  dike  intrusive  in  the  volcanics.  The 
conglomerate  is  of  Lower  Cambrian  age  and  consists  of  cobbles  and 
bowlders  of  the  underlying  granite  and  volcanics. 

On  Trinity  Bay,  along  Smith  and  Random  soimds,  the  Lower 
Cambrian,  of  older  age  than  that  on  Conception  Bay,  rests  discon- 
formably  on  beds  of  the  Random  formation  in  the  trough  of  a 
syncline.  The  Random  may  be  either  conformable  or  disconform- 
able  with  the  Signal  Hill  series.  In  either  case  the  Lower  Cambrian 
must  be  unconformable  with  the  Signal  Hill  series  and  all  lower 
formations,  since  it  must  necessarily  have  transgressed  all  the  later 
pre-Cambrian  formations  in  passing  from  its  disconformable  posi- 
tion on  the  Random,  the  youngest  formation  of  the  pre-Cambrian, 
in  the  trough  of  a  syncline,  across  the  flank  of  an  anticline  on  to  the 
lowest  later  pre-Cambrian  formation,  the  Avondale  volcanics,  on 
the  core  of  an  anticline  in  Conception  Bay. 

AVONDALE  VOLCANICS 

Howley  (1907)  mapp>ed  a  series  of  rocks  which  he  called 
Huronian  and  described  "as  composed  of  mixed  igneous  and 
aqueous  deposits  in  a  highly  metamorphosed  condition."  Parallel 
to  their  trend  they  are  mapped  by  Howley  as  outcropping  for  a 
distance  of  about  two  hundred  miles  in  a  north-northeast-south- 
southwest  direction,  being  submerged  beneath  the  sea  at  each  end. 
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In  view  of  the  unknQwn  age  of  this  formation,  and  because  of  its 
characteristic  development  and  typical  outcrops  in  the  vicinity  of 
Avondale,  Conception  Bay,  the  writer  proposes  the  name  Avondale 
volcanics  to  designate  this  series,  which  comprises  rocks  of  direct 
volcanic  origin,  together  with  a  small  amount  of  interbedded  more 
or  less  waterworn  volcanic  materials.  They  constitute  a  formation 
of  wide  geographical  extent — 200  miles  along  the  strike  and  100 
miles  or  more  across  the  strike — and  of  great  but  unknown  thick- 
ness, at  least  several  thousand  feet,  forming  so  far  as  is  known  the 
basal  member  of  the  later  pre-Cambrian  or  Avalonian  system  of 
Newfoimdland.  Interbedded  rhyolite  and  plagioclase  basalt  flows, 
with  corresponding  breccias,  crystal,  lithic,  and  vitric  tuflfs,  volcanic 
dust  beds,  and  average  tuffs,  together  with  volcanic  conglomerates, 
sandstones,  and  slates  are  comprised  within  the  series. 

The  beds  are  in  a  highly  disturbed  condition,  with  a  prevailing 
steep  dip,  and  are  affected  by  intense  and  often  profound  faulting. 
They  are  exposed  on  the  cores  of  major  anticlines  or  are  brought  to 
the  surface  on  the  upthrow  sides  of  great  faults.  The  degree  of 
metamorphism  which  the  rocks  have  suffered  is  in  general  moderate, 
though  locally  intense,  and  is  manifest  for  the  larger  part  merely 
in  the  development  of  a  slaty  cleavage.  Secondary  minerals,  except 
those  of  surface  origin,  are  confined  almost  exclusively  to  seriate 
and  quartz  in  the  acid  rocks  and  chlorite  with  sericite,  epidote,  and 
caldte  in  the  basic  rocks.  Along  certain  shear  zones  in  the  add 
rocks  pyrophyllite,  quartz-pyrophyllite,  and  pinite  schists  have 
formed  through  replacement,  while  in  certain  basic  rocks  copper 
ores  have  been  deposited  along  close-set  narrow  fractures  and  in 
vesicles  of  the  flows.  Ore  in  quantities  of  commercial  importance, 
however,  has  not  yet  been  foimd. 

In  view  of  the  great  age  of  the  rocks  the  lack  of  intense  meta- 
morphism and  the  frequent  preservation  of  delicate  primary 
structures  are  striking.  Indeed  there  is  Uttle  doubt  that,  with 
search,  practicaUy  every  structure  and  texture  foimd  in  the  Tertiary 
and  recent  volcanics  might  also  be  found  in  these  andent  pre- 
Cambrian  volcanics. 

One  of  the  most  interesting  discoveries  in  this  series  was  the 
presence  of  volcanic  necks  intruded  through  the  brecdas  and  tuffs. 
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Near  Manuels  a  plug  of  plagioclase  basalt  about  400  by  450  feet, 
with  columnar  jointing  perpendicular  to  the  surface  and  with  dikes 
and  apophyses  radiating  from  it  into  the  adjoining  rocks,  was  found 
intruded  through  basaltic  and  rhyolitic  breccias.  A  rhyolite  neck 
about  fifty  feet  in  diameter  and  circular  in  shape,  nearly  every  foot 
of  the  contact  of  which  could  be  seen,  and  a  neck  of  basic  tuff  with 
fragments  up  to  three  feet  in  diameter  of  the  imderlying  rocks, 
through  which  it  was  drilled,  and  with  radiating  dikes  of  tuff,  were 
also  found.  The  largest  neck  forms  a  conspicuous  hill  about  three 
miles  south  of  Holyrood  and  seems  to  have  been  one  of  the  main 
centers  of  volcanic  activity  in  this  region.  Here  we  find  a  great 
elliptical  stock  of  rhyolite  porphyry  about  a  mile  long  and  half  a 
mile  wide,  while  in  the  surrounding  country  occur  exceptionally 
coarse  rhyolite  breccias,  with  many  blqpks  up  to  two  feet  in  diam- 
eter, interbedded  with  rhyolite  flows  and  tuffs.  A  chemical  analysis 
of  this  rock,  given  below,  shows  it  to  be  very  similar  to  the  rhyolite 
flows  at  Manuels. 

TABLE  I 

Chemical  Analysis  of  Rhyolite  Pori»hyry  from  Volcanic 
Neck  South  of  Holyrood 

SiOa 75.8s  K,0 4.47 

AlaO, 1 3 .  03  H,0  + 35 

FcaO, 1 .82  HaO- OS 

FeO 32  MnO 05 


MgO 05 

CaO 38  Total 99.71 

NaaO 3.34 

The  rhyolite  flows  are  quite  variable  in  color,  ranging  through 
reddish,  purplish,  and  greenish  grays.  They  are  usuaUy  aphanitic 
in  texture,  and  dense,  chertlike  in  character,  sometimes  felsitic,  with 
a  finely  rough  feel.  They  may  be  homogeneous  and  massive,  or 
may  be  marked  by  beautiful,  well-developed,  and  well-preserved 
banded  textures,  and  are  very  frequently  spherulitic.  The  spheru- 
lites  vary  from  microspherulites  up  to  those  as  large  as  a  man's  head, 
or  even  occasionally  attain  a  diameter  of  two  feet  (Fig.  4),  but  in 
general  they  are  of  medium  size  (Fig.  5).  The  flows  may  also  be 
characterized  by  a  platy  jointing  more  or  less  parallel  to  the  flowage 
planes,  or  by  flow  breccia,  eutaxitic  (Fig.  6),  or  perlitic  structures. 
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As  seen  in  thin  section  the  texture  is  usually  microgranitic  or  an 
irregular  polarizing  aggregate  of  quartz  and  feldspar.  Spherulitic, 
axiolitic,  and  microspherulitic  textures  are  common,  and  rarely  a 
felt  of  microlitic  feldspars  in  a  groundmass  of  quartz  is  observed. 
A  micrographic  texture  characterizes  portions  of  an  eutaxite  from 


Fig.  4. — Very  coarsely  spherulitic  rhyolite;  the  largest  spherulite  is  twenty-two 
inches  in  diameter;  about  five  and  one-half  miles  south  of  Manuels,  Conception  Bay. 

near  Avondale.  A  chemical  analysis  of  a  specimen  from  a  50-foot 
rhyolite  flow  follows.  The  rock  is  a  dense,  red,  banded  felsite  with 
amicrofelsitic  to  finely  microcrystalline  and  micropoikilitic  texture. 

TABLE  II 
Chemical  Analysis  or  Rhyoltte  from  Flow  at  Mantjels 


SiOa 76 .  24 

AlaOj 13 -94 

FeaO, 89 

FeO 13 

MgO 27 

CaO 1.07 


NaaO 2.SS 

KaO 4.95 

H,0+ IS 

HaO- 03 


Total 100 .  22 
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Fig.  6. — Microphotograph  of  eutaxilic  structure  in  rhyoUte. 
of  Avotidak,  Conception  Bay.    Natural  light,  X33  diameters. 
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Basalts  attain  a  tremendous  development  along  Colliers  Bay, 
extending  south  toward  Brigus  Junction.  They  are  associated 
with  a  great  development  of  basaltic  breccias  and  often  exhibit 
amygdaloidal  or  flowage  structures.  The  flows  are  very  much 
altered  throughout  and  may  be  chloritized  with  resultant  green- 
gray  rocks,  or  hydrated  and  thoroughly  impregnated  with  iron  oxide 
giving  purplish-  or  reddish-brown  hues.  These  alterations  are 
probably  due  to  thermal  waters,  as  they  occur  independent  of  what 


Fig.  7. — Coarse  rhyolite  breccia;  about  two  and  one-half  miles  south  of  Man- 
uels,  Conception  Bay.    Photograph  by  G.  v.  I. 

might  be  expected  as  the  result  of  weathering.  In  texture  they 
vary  from  felsitic  to  finely  porphyritic,  and  in  thin  section  show  a 
felt  of  plagioclase  laths  or  microlites  with  a  distinct  fluxion  structure 
in  a  chloritic  or  indistinct  altered  groundmass.  Chlorite  pseudo- 
morphs,  replacements  of  some  ferromagnesian  mineral,  possibly 
augite,  occur  as  abundant  minute  phenocrysts  in  some  flows. 

The  breccia  beds  exhibit  a  varied  assortment  of  colors  and  a  wide 
range  in  the  diameter  of  their  component  fragments;  but  by  far  the 
predominant  portion  of  the  rhyolitic  breccias  are  various  hues  and 
tones  of  reddish-  and  purplish-gray,  whereas  the  basaltic  breccias 
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consist  of  dark  greenish-gray  fragments  in  dark  reddish-,  purplish-, 
or  greenish-gray  matrices. 

Both  basaltic  and  rhyolitic  breccias  exhibit  approximately  the 
same  range  in  the  diameter  of  their  fragments,  from  a  fraction  of  an 
inch  to  four  feet  (Figs.  7  and  8).    The  general  run  of  the  fragments 


Fig.  8. — Coarse  basalt  breccia;  west  side  of  Blue  Hills,  south  of  Conception  Bay 

would  probably  average  a  few  inches  in  diameter.  In  general,  the 
rhyolitic  breccias  and  the  basaltic  breccias  contain  few  foreign 
fragments,  especially  the  coarser  beds;  yet  beds  in  which  angular 
fragments  of  rhyolite  and  basalt  and  crystals  of  orthoclase  and 
plagioclase  are  mingled  are  frequent;  and  rhyolitic  breccias  and 
basaltic  breccias  are  often  found  interbedded. 
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Crystal  tuffs  are  of  frequent  occurrence  interbedded  with  the 
breccias  and  tuflfs.  They  are  remarkable,  in  view  of  their  great  age 
and  the  vicissitudes  which  they  have  imdergone,  for  the  frequent 
presence  of  a  perfectly  preserved  vitroclastic  structure  in  their 
groundmass,  whether  rhyolitic  or  basaltic  in  nature.  These 
devitrified  glass  shards  are  such  a  prominent  feature  of  some  of  the 
tuflFs  from  the  vicinity  of  Red  Rock  Lake  near  Brigus  that  they 


^    .-  -  .'  -^^        •    \    jiiy^ 

Fig.  9. — Microphotograph  of  vitroclastic  groundmass  of  rhyolitic  crystal  tuff; 
near  Red  Rock  Lake,  south  of  Brigus,  Conception  Bay. .  Natural  light,  Xs6  diam- 
eters. 

might  well  be  denominated  vitric  tuflfs  (Fig.  9).  In  other  cases  the 
groundmass  is  an  indistinct,  microcrystalline,  granular  dust. 
Many  of  these  tuflfs  are  soaked  with  hematite  and  hence  are  reddish 
in  color.  Associated  with  the  phenocryst-like  crystals  are  frag- 
ments of  either  porphyritic  or  felsitic  basalt  or  rhyolite,  or  of 
devitrified  obsidian  exhibiting  trichites,  microspherulites,  spheru- 
lites,'axiolites,  perlitic  cracks,  pumiceous  structure,  or  any  combina- 
tion of  these.    The  crystals  consist  principally  of  plagioclase  and 


Digitized  by 


Google 


464 


A.  F.  BUDDINGTON 


orthoclase,  with  quartz  and  magnetite  in  the  add  tuffs,  and  of 
plagioclase,  augite,  magnetite,  apatite,  and  foreign  crystals  in  the 
basic  tuffs.  Some  of  the  basic  tuffs  resemble  typical  palagonite 
tuffs  (Fig.  10). 

The  lithic  tuffs  consist  predominantly  of  fragments  of  rhyolite 
or  of  pilotaxitic  basalt,  according  to  their  nature,  in  a  groundmass 


Fig.  10. — Groundmass^  of  basaltic  crystal  tuff,  with  devitrified  shards  of  glass 
bordered  by  rims  of  fibrous,  brownish  material.  Hill  937  near  Holy  rood.  Micro- 
photograph.    Natural  light. 

consisting  of  finely  comminuted  materials  similar  to  the  lithic 
fragments,  with  crystals  of  feldspar  and  quartz  in  minor  amount. 
The  volcanic-dust  beds  are  frequently  well  bedded  and  chertlike 
in  character,  often  translucent  in  thin  edges,  with  a  conchoidal  to 
subconchoidal  fracture. 

The  waterworn  volcanics  comprise  volcanic  conglomerates, 
sandstone,  and  a  rare  red  shale  bed.    The  prevalence  of  volcanic 
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conglomerates,  both  stratigraphically  and  geographically,  mter- 
bedded  with  the  volcanic  breccias,  flows,  and  tuffs,  is  one  of  the  most 
cogent  argxmients  for  the  subaerial  origin  of  the  volcanic  series  as  a 
whole;  for  both  basalt  and  rhyolite  conglomerates  are  associated 
with  and  interbedded  between  completely  angular  basalt  breccias 
and  well-roimded  basalt  conglomerates,  and  between  similar  angular 
rhyolite  breccias  and  well-rounded  rhyolite  conglomerates.  In 
some  of  the  basalt  conglomerate  beds  bowlders  up  to  three  feet  or 
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Fig.  II. — Basalt  volcanic  conglomerate;  Turks  Gut,  Colliers  Bay,  Conception 
Bay.    Photograph  by  G.  v.  I. 

more  in  diameter  are  not  rare  (Fig.  11).  Such  beds  are  in  places 
200  feet  thick  and  grade  upward  or  downward  into  sandstones  or 
tuffs.  Some  of  the  sandstone  beds  are  cross-bedded  and  contain 
abimdant  fragments  of  red  shale  constituting  typical  thon-gallen 
beds.    Others  are  ripple  marked,  but  these  features  are  rare. 

In  the  course  of  the  work  no  reasons  were  found  for  assuming  the 
volcanics  to  have  had  other  than  an  essentially  subaerial  origin.  All 
the  structures  and  textures  of  the  flows  and  the  characters  of  the 
associated  volcanic  products  are  compatible  with  such  a  hypothesis, 
while  the  particular  criteria  pointing  to  such  a  conclusion  are  as 
foUows: 


Digitized  by 


Google 


466  A.  F.  BUDDINGTON 

The  predominance  and  widespread  distribution  of  the  red  and 
brown  volcanic  tuflfs  and  breccias,  which  owe  their  color  to  satura- 
tion and  cementation  with  hematite,  point  toward  subaerial 
exposure  rather  than  toward  local  effects  of  volcanic  gases. 

The  constant  association  of  volcanic  conglomerates  or  sandstone 
with  the  breccias,  tuffs,  and  flows  indicates  the  work  either  of  river 
erosion,  or  wave  work,  or  both.  The  first  seems  more  probable  in 
view  of  the  constant  recurrence  of  conglomerate  beds  in  the  strati- 
graphic  succession,  as  well  as  the  fact  that  beds  of  conglomerate 
150  to  200  feet,  thick  with  well-rounded  bowlders  up  to  three  feet 
in  diameter,  are  exceptional  within  marine  deposits,  even  within 
marine  volcanic  deposits.  On  the  other  hand  such  conglomerates 
are  commonly  found  associated  with  subaerial  volcanics  of  all  ages. 
Those  of  Newfoundland  are  such  as  might  be  expected  to  form  along 
river  valleys  draining  a  region  of  great  active  volcanic  cones  such  as 
this  probably  was.  Although  some  of  the  conglomerates  may  have 
been  deposited  in  standing  water,  the  indications  are  that  for  the 
most  part  they  were  deposited  on  a  land  surface  during  quiescent 
periods  between  successive  volcanic  outbursts  which  repeatedly 
buried  them  with  the  products  resulting  from  extravasation  and 
explosion. 

The  volcanics  are,  so  far  as  known,  the  oldest  formation  of  the 
later  pre-Cambrian  in  this  district.  They  are  intruded  by  granite, 
and  together  with  the  granite  are  overlain  imconf ormably  by  Lower 
Cambrian  sediments.  The  pre-Cambrian  volcanics  of  the  Blue 
Ridge  of  Virginia  and  Maryland  present  similar  relationships 
(Keith,  1892),  and  in  the  present  state  of  knowledge  it  seems  prob- 
able that  in  early  later  pre-Cambrian  times  a  chain  of  volcanic  cones 
extended  from  Newfoundland  to  North  Carolina  and  farther,  in  a 
zone  more  or  less  parallel  to  the  present  coast  line. 

CONCEPTION   SLATE   SERIES 

The  Conception  slate  series  was  examined  by  the  writer  along 
the  east  side  of  Conception  Bay  from  Portugal  Cove  to  Topsail;' 
along  the  west  side,  Colliers  Bay  north  to  Brigus;  near  La  Manche 
on  the  Isthmus  of  Avalon;  and  along  Smith  and  Random  soimds  on 
Trinity  Bay.    Owing  to  folding,  faulting,  and  covered  exposures 
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the  relations  of  this  series  to  the  beds  above  and  below  were  not 
seen. 

The  series  consists  predominantly  of  thin-bedded,  green-gray, 
dense,  halleflinta-like  slates,  at  least  several  thousand  feet  thick, 
which  may  be  compact  without  cleavage,  or  dynamically  meta- 
morphosed, with  a  resultant  well-developed  cleavage;  and  to  a 
lesser  extent  of  green-gray  feldspathic  sandstones  and  conglom- 
erates. The  slates  often  resemble  at  a  superficial  glance  banded 
flow  rhyolites,  but  occasional  sandy  layers  betray  their  true  origin. 

The  slates  may  vary  from  very  fine-grained  or  dense  siliceous 
quartzites  to  argillaceous  slates,  or  from  dense  feldspathic  quartzites 
to  chertlike  feldspathic  slates.  Thin,  intercalated  beds  and  layers 
of  feldspathic  sandstone  are  common,  but  the  predominant  char- 
acter of  the  rocks  is  that  of  a  slate.  The  feldspathic  character  of 
the  typical  slate  and  its  normally  fresh,  undecomposed  character 
are  shown  very  well  by  the  two  chemical  analyses  which  follow.  It 
will  be  noted  that  the  soda  is  in  excess  of  the  potash,  contrary  to 
the  usual  rule  for  sediments  derived  from  well-weathered  materials, 
and  that  the  analyses  resemble  those  of  certain  rhyolites.  The 
high  soda  content  may  be  due  to  plagioclases  washed  in  from  basic 
tuffs. 

TABLE  III 
CHEincAL  Analyses  of  Members  of  Conception  Slate  Series 


SiO, 

A1,0,.... 

FeA--- 

FeO 

CaO 

MgO 

NaaO... 

KaO 

Ign.  Loss. 


ToUl. 


99.76 


68.92 

77.13 

17.67 

14.01 

1-43 

2.25 

3.48 

Undct. 

.85 

.64 

1. 19 

.36 

301 

3.59 

1.46 

1. 01 

1.75 

.76 

99.75 


1.  Feldspathic  slate,  near  Brigus,  Conception  Bay. 

2.  Feldspathic  quartzite,  Robinson's  Bight,  Random  Sound,  Trinity  Bay. 

The  sandstones  are  formed  of  angular  to  subangular  grains  of 
quartz,  fresh  plagioclase,  orthoclase,  rhyolite,  plagioclase  basalt, 
and  tuffs.  The  rhyolite  fragments  exhibit  axiolitic,  spherulitic, 
and  banded  textures. 
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The  conglomerate  outcrop  near  La  Manche,  and  the  pebbles, 
are  all  of  volcanic  rocks  such  as  basalt,  basalt  porphyry,  rhyolite 
porphyry,  felsite,  etc.,  imbedded  in  a  matrix  showing  innumerable 
flashing  cleavage  faces  of  white  plagioclase. 

Since  these  beds  in  their  well-bedded  and  imoxidized  characters 
give  evidence  of  their  being  deposited  beneath  a  permanent  water- 
level,  and  since  they  consist  almost  exclusively  of  materials  similar 
to  the  rocks  comprised  within  the  underlying  volcanic  series  of 
subaerial  origin,  it  is  probable  that  an  imconformity  exists  between 
the  Conception  slate  series  and  the  Avondale  yolcanics,  and  that 
the  former  are  derived  from  the  latter,  at  that  time  a  more  or  less 
loose  accumulation  of  volcanic  ash  and  breccias  which  were  swept 
into  the  sea  in  a  comparatively  fresh  and  undecomposed  condition. 

TORBAY  SERIES 

The  Torbay  series  was  not  studied  by  the  writer.  Murray's 
description  of  it  is  inserted  here  for*completeness: 

Green,  purple,  pinkish,  or  red  slates  in  frequent  alternations;  the  texture 
of  these  slates  is  generaUy  extremely  fine,  and  in  some  cases  they  approach  in 
hardness  to  jasper  or  chert.  The  fracture  is  often  conchoidal,  and  the  imperfect 
cleavage  parallel  with  the  bedding;  but  in  many  instances  the  rock  has  a  good 
cleavage  at  right  angles  to  the  stratification  and  is  well  adapted  for  roofing 
purposes.    The  exposed  surfaces  weather  for  the  most  part  a  yellowish  white. 

Some  beds  seen  by  the  writer  on  the  Isthmus  of  Avalon  strongly 
V  resemble  banded  argillites;  cobbles  of  green  and  red  argillite  were 
also  found  in  the  drift  of  the  St.  John's  Peninsula,  presumably 
derived  from  the  Torbay  series. 

MOMABLE   SERIES 

These  beds  are  described  by  Murray  (1881,  p.  145)  as  foUows: 

Dark  brown  or  blackish  slates  of  St.  John's,  with  ripple  marks  very  dis- 
tinctly displayed  on  some  surfaces,  and  in  which  some  obscure  organic  remains 
have  been  foimd  resembling  those  found  in  c,  and  another  supposed  to  be  the 
shelly  casing  of  some  description  of  AnneUd.  The  cleavage  of  this  slate  is 
sometimes  very  regular,  oblique,  or  at  right  angles  to  the  bedding,  but  in  parts 
it  also  cleaves  parallel  with  the  stratification.  Towards  the  top  are  frequent 
layers  of  hard,  fine-grained,  greenish  sandstone  interstratified,  not  usually  over 
6  or  7  inches  in  thickness. 
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The  beds  seen  by  the  writer  are  strongly  ripple-marked,  blackish- 
gray,  thin-bedded,  very  fine-grained,  shaly  sandstones,  with  thin 
films  of  black  carbonaceous  or  graphitic  shale.  In  thin  section  the 
sandstone  is  seen  to  be  made  up  of  sharply  angular  grains  of  quartz, 
with  an  occasional  fresh  feldspar  fragment  and  bits  of  carbonaceous 
material.    The  grains  average  about  0.05  mm.  in  diameter. 

From  a  lithologic  point  of  view  the  most  striking  feature  of  these 
rocks  is  their  content  of  carbonaceous  material,  which,  although 
slight  and  often  absent,  yet  serves  to  contrast  them  with  the  over- 
lying and  imderlying  formations.  In  contrast  to  the  succeeding 
reddish-brown  feldspathic  sandstone  formation,  the  gray,  fine- 
grained quartz  sandstones  and  shales  of  the  Momable  suggest  an 
origin  imder  a  permanent  water-level  at  shallow  depths  in 
which  flourished  organisms  whose  presence  is  indicated  by  the 
carbonaceous  content  of  the  shales  and  by  the  possible  fossil 
Aspidella. 

Attention  has  been  called  by  many  observers  to  the  resemblance 
between  the  gold-bearing  series  of  Nova  Scotia  and  Murray's 
Intermediate  series  of  Newfoundland.  It  is  to  the  beds  comprising 
the  Conception,  Torbay,  and  Momable  series  lying  below  the  Signal 
Hill  series  and  above  the  Avondale  volcanics  that  this  lithologic 
resemblance  applies.  Judging  from  Fairbault's  descriptions  (Mal- 
com,  191 2,  pp.  46-47)  the  Goldenville  quartzites  present  certain 
resemblances  to  the  Conception  slate  series,  the  banded  argillite 
division  of  the  western  part  of  the  field  to  the  Torbay  series,  and 
the  Halifax  formation  to  the  Momable  series.  Specimens  of  the 
Halifax  slate  collected  by  the  writer  from  an  outcrop  in  the  yards 
of  the  Canadian  Pacific  terminal  at  Halifax  are  indeed  indistinguish- 
able, except  for  a  more  prevalent  cleavage,  from  many  characteristic 
specimens  of  the  Momable  series.  Before  any  correlation  may  be 
suggested,  however,  it  is  necessary  that  a  more  intimate  knowledge 
of  the  conformable  or  imconformable  relations  within  the  New- 
foundland series  shall  be  known,  as  well  as  more  definite  information 
concerning  the  relations  of  the  gold-bearing  series  of  Nova  Scotia 
to  the  Cambrian.  The  Momable  beds  are  also  similar  to  the 
Animikie  sediments  as  described  by  Coleman  in  respect  to  their 
content  of  carbonaceous  material. 
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SIGNAL  HILL  SERIES 

As  near  as  can  be  judged  from  the  descriptions  of  Miirray  and 
Howley  (1881)  and  from  the  experience  of  the  writer  the  Signal  Hill 
series  outcrops  mainly  in  the  troughs  of  synclines  or  synclinoria 
over  an  area  extending  for  a  length  of  about  200  miles  in  a  north- 
northeast-south-southwest  direction  and  about  75  miles  at  right 
angles  to  this. 

The  series  consists  of  a  very  thick  succession  of  reddish-brown, 
occasionally  green,  feldspathic  sandstones  and  conglomerates,  with 
intercalated  shale  beds  and  about  1,300  feet  of  greenish-gray,  thick- 
bedded  feldspathic  sandstones  at  the  base,  giving  a  thickness 
estimated  at  about  10,000  feet.  Murray's  estimate  of  3,120  feet 
for  this  series  referred  only  to  the  beds  on  the  west  side  of  St.  John's 
harbor,  which  constitute  but  a  part  of  the  series. 

Thon-gallen  or  intraformational  conglomerate  beds  are  abim- 
dant.  The  majority  of  the  conglomerate  beds  may  be  appropriately 
described  as  gravel  or  pebble  beds,  with  the  pebbles  varying  in  size 
from  one-fourth  of  an  inch  to  an  inch  in  diameter,  and  prevailingly 
subangular  to  roimded. 

Because  of  the  predominating  sandy  character  of  such  a 
thick  series  of  sediments;  the  repetition  and  often  considerable 
thicknesses  of  conglomerate  beds;  the  presence  of  so  much  fresh 
plagioclase  and  orthoclase  throughout  the  rocks;  the  prevailing 
subangular  character  of  the  component  grains;  the  predominating 
red  color  due  to  interstitial  hematitic  mud,  to  films  of  hematite, 
and  to  oxidized  grains  of  basalt,  rhyolite,  and  magnetite;  the 
constant  recurrence  of  thon-gallen  beds;  frequent  cross-bedding; 
lithologic  alternations  of  sandstone,  conglomerate,  and  shale;  and 
the  absence  of  any  limestone,  fossils,  or  carbonaceous  materials,  the 
writer  has  been  led  to  conclude  that  these  beds  originated  as  domi- 
nantly  fluviatile  deposits  of  subaerial  origin  in  a  subarid  climate. 
It  is  quite  possible  that  the  basal  1,300  feet  of  green-gray  sand- 
stones accumulated  under  a  permanent  water-level;  but  if  so  the 
water  was  apparently  drawn  off  or  excluded  at  the  time  of  accumu- 
lation of  the  succeeding  reddish-brown  series. 

In  thin  sections  from  specimens  of  deep,  livid-brown  sandstone 
from  Signal  Hill  the  rock  is  found  to  consist  of  angular  to  subangular 
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grains  of  quartz,  fresh  plagioclase,  orthoclase,  and  rhyolite  and 
granophyre,  with  rarely  a  fragment  of  basalt.  Accessory  minerals 
comprise  grains  of  primary  epidote  and  occasionally  abundant 
grains  of  magnetite.  A  film  of  hematite  coats  each  grain,  and  in 
some  specimens  the  interstices  are  filled  with  secondary  quartz, 
sericite,  or  occasionally  with  epidote.  The  sericite  is  a  secondary 
product,  the  result  of  recrystallization  during  shearing.  In  one 
section  a  roimded  grain  of  primary  epidote  is  coated  with  a  film 
of  hematite  and  is  surroimded  on  the  outside  of  this  by  a  growth  of 
secondary  epidote.  The  cement  of  the  green  sandstone  seems  to  be 
of  an  epidotic  nature,  apparently  arising  through  a  recrystallization 
of  an  impure  argillaceous  material.  A  chemical  analysis  of  the 
reddish-brown  sandstone  serves  to  confirm  the  highly  feldspathic 
nature  of  this  rock. 

TABLE  IV 

Chemical  Analysis  of  FELDSPATHit:  Brown  Sandstone  from 
NEAR  Signal  Hill,  St.  John's 

SiOa 71.38     NaaO 2.28 

AlaO, 14.25        KaO 1.99 

FeaO, 4.75     HaO+ 1.20 

FeO 46     HaO- 21 

MgO 46  

CaO * 3 .01  Tot^^l 99-99 

That  the  red  color  of  the  brown  sandstones  is  due  to  hematite 
and  to  the  oxidation  of  its  iron  content  is  evident  from  a  comparison 
of  the  ferrous  and  ferric  contents  of  the  red  and  green  sandstones. 
Although  both  have  similar  total  contents  of  iron,  4.74  and  5.11 
per  cent  respectively,  expressed  in  terms  of  ferrous  iron,  the  brown 
sandstone  shows  4 .  75  per  cent  of  ferric  oxide  and  only  o .  46  per  cent 
of  ferrous  oxide,  whereas  the  green  sandstone  shows  2 .54  per  cent 
of  ferric  oxide  and  2 .82  per  cent  of  ferrous  oxide. 

The  red  color  of  the  sandstones  depends  in  varying  degrees  upon 
the  primary  deposition  of  a  hematitic  mud  in  the  interstices  of  the 
sand  grains;  upon  the  deposition  of  hematite  as  a  cement  around 
the  sand  grains;  upon  hematite  existing  in  the  grains  themselves 
as  in  the  cleavage  cracks  of  feldspar,  or  in  oxidized  basalt  and  rhyo- 
lite; and  upon  the  hematite  resulting  from  the  oxidation  of 
magnetite  grains  in  situ. 
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The  pebbles  of  the  conglomerates  in  the  vicinity  of  Signal  Hill 
consist  roughly  of  about  three-quarters  rhyolite-porphyry  and  the 
remainder  granophyre,  intraf  ormational  red  shale  flakes,  and  quartz, 
with  occasional  pebbles  of  basalt.  The  rocks  of  which  these  pebbles 
are  formed  are  very  similar  to  the  rocks  comprised  within*  the 
Avondale  volcanic  series,  and  it  is  quite  possible  that  they  have  been 
derived  from  that  formation.' 

In  their  stratigraphic  relations,  lithology,  and  mode  of  origin  the 
Signal  Hill  series  resemble  the  Jotnian  of  Sweden,  the  Torridonian 
of  Scotland,  and  the  Keweenawan  of  the  'Canadian  Shield."  In 
the  absence  of  vulcanism,  so  far  as  yet  observed,  they  stand  in 
contrast  to  the  Keweenawan  and  Jotnian,  but  resemble  the  Torri- 
donian. This  is  of  special  interest,  since  it  has  been  shown  by 
Hayes  and  van  Ingen  that  this  district  during  the  succeeding 
Cambro-Ordovidan  period  had  a  history  which  coincided  even  in 
minor  detail  with  that  of  Wales. 

INTRUSIVE  ROCKS 

The  later  pre-Cambrian  rocks,  more  especially  the  early  later 
pre-Cambrian  beds,  are  intruded  by  several  batholiths  and  stocks 
of  igneous  rock  and  are  very  intensively  cut  by  dikes.  In  general, 
it  may  be  said  that  the  salic  rocks  have  been  intruded  as  molten 
masses  of  batholithic  or  stock  type,  with  few  apophyses  or  dikes, 
whereas  the  older  basaltic  or  gabbroic  magmas,  to  a  preponderating 
extent,  have  been  intruded  as  dikes. 

The  rocks,  with  the  exception  of  the  quartz  syenite  and  granodi- 
orite,  whose  position  is  unknown,  are  given  in  the  order  of  their 
intrusion,  beginning  with  the  oldest.  Those  aroimd  Conception 
Bay  comprise  hornblende  granite  gneiss,  hornblende  gabbro  and 
plagioclase  gabbro  without  olivine  but  locally  quartz-bearing,  basic 
granodiorite,  biotite  granite  and  granophyre,  quartz  syenite,  aplite 
and  granophyre  dikes  intruding  the  granite,  and  younger  dikes  of 
rhyolite  porphyry  and  diabase  intruding  all  the  older  rocks.    Near 

'  Murray  describes  the  pebbles  of  the  conglomerate  at  Signal  Hill  as  composed 
''chiefly  of  white  quartz,  but  with  occasional  pebbles  of  brown  or  red  ja^>er,  syenite 
or  gneiss  and  slate."  The  writer  examined  150  pebbles  with  the  entirely  different 
result  given  above. 
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Clarenville  on  Trinity  Bay  a  mass  of  gabbro  is  intruded  by  granite, 
and  both  in  turn  are  cut  by  yoimger  dikes  of  aplite,  rhyolite,  and 
porphsrrite  dikes. 

The  hornblende  granite  gneiss  shows  a  catadastic  texture  and 
is  believed  to  be  the  oldest  rock  in  the  district.  Its  outcrop  was 
noted  in  only  three  areas  of  very  small  extent  along  the  border  of 
the  Holyrood  granite  batholith. 

The  gabbros  occur  as  small,  irregular  patches  on  the  borders  of 
and  within  the  area  of  the  Holyrood  granite  batholith,  and  also  as 
huge  dikes  in  the  Conception  slate  series.  They  are  predominantly 
of  a  blackish  or  dark  speckled  gray  color  weathering  to  an  ashen 
gray.  In  grain  they  vary  from  fine  to  medium,  and  pegmatitic 
fades  are  entirely  lacking.  Mineralogically  there  seem  to  be  two 
types,  which  can  be  distinguished  by  microscopic  methods  alone: 
one  characterized  by  hornblende  without  augite;  the  other  an 
augite  gabbro  in  which  the  pyroxene  may  be  unaltered  or  partially 
altered  to  hornblende  or  uralite. 

'  Microscopically  the  augite  gabbros  are  foimd  to  be  pre- 
dominantly hypautomorphic-granular  in  texture,  occasionally 
becoming  ophitic.  The  augite  and  plagioclase  may  be  fresh,  or 
partially  or  completely  altered;  and  the  alteration  of  these  minerals 
seems  to  have  proceeded  independently,  for  fresh  augite  may  be 
associated  with  altered  plagioclase,  and  vice  versa.  The  plagio- 
dase  may  be  partially  altered  to  seridte,  or  flecked  with  seriate 
and  partiaUy  replaced  by  quartz  or  epidote.  The  augite  may  be 
partially  or  completely  altered  to  compact  green  hornblende  or  to 
an  aggregate  of  uralite  fibers  or  of  uralite,  quartz,  and  chlorite. 
The  ilmenite  is  usually  altered  to  leucoxene  and  is  very  small  in 
amount.  Pyrite  is  rare  and  magnetite  relatively  abundant.  The 
peak  of  Holyrood  Butterpot  is  formed  of  an  elliptical  mass  of 
gabbro  about  1,200  feet  by  500  feet,  completely  surrounded  by 
granite.  It  is  peculiar  in  having  quartz  in  small  amount  filling  the 
interstices  between  the  feldspars  in  such  a  manner  as  to  indicate 
its  origin  as  an  original  constituent,  the  last  product  of  crystalliza- 
tion. Some  of  the  augites  are  twinned,  and  others  show  idio- 
morphic  basal  sections.  A  chemical  analysis  of  this  rock  is  given 
on  page  476,  No.  2. 
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About  six  maes  south  of  Manuds,  lying  between  a  series  of  green 
slates  and  the  Holyrood  granite,  a  more  or  less  elliptical-shaped  mass 
of  gabbro  forms  a  conspicuous  ridge  in  the  topography.  This 
gabbro  has  a  tendency  toward  a  gneissic  structure  but  without  any 
particular  evidences  of  dynamic  metamorphism.  It  is  quite  inti- 
mately penetrated  by  ramifying  apophyses  of  granite  and  by  epidote 
veins,  which  are  especially  common  along  the  joint  planes.  In  thin 
section  the  rock  is  seen  to  be  hypautomorphic  granular  to  ophitic 
in  texture  and  to  consist  essentially  of  light-green  hornblende  and 
labradorite.  The  feldspars  are  extensively  altered  to  seriate,  and 
some  of  the  hornblende  to  intergrown  fibers  and  blades  of  epidote, 
zoisite,  and  quartz.  Many  of  the  hornblendes  are  twinned  parallel 
to  the  orthopinacoid,  and  by  an  occasional  resemblance  of  crj^tal 
form  give  indications  of  an  apparently  primary  origin.  Whether 
this  rock  is  the  result  of  recrystallization  during  the  intrusion  of  the 
granite  or  whether  it  is  primary  is  difficult  to  say.  A  chemical 
analysis  is  given  on  page  476,  No.  i.  In  this  connection  it  may  be 
well  to  note  that  where  the  road  crosses  Seal  Cove  Brook  there  is 
an  outcrop  of  hornblende  porphyrite  with  phenocrjrsts  of  hornblende 
up  to  10  mm.  in  length  and  plagioclases  averaging  2-3  mm.  in 
length.  In  thin  section  this  rock  is  foimd  to  consist  of  idiomorphic 
phenocrysts  of  labradorite  and  hornblende  in  a  groimdmass  in  some 
places  consisting  of  a  microcrystalline,  elsewhere  of  an  almost 
crypto-crystalline,  aggregate  of  plagioclase  microlites,  quartz, 
and  an  altered  ferromagnesian  mineral  in  sparse  amoimt.  The 
plagioclases  show  a  zonary  banding. 

To  the  west  and  south  of  Woodfords  is  a  stock  of  granodiorite 
about  two  miles  long  and  one-half  mile  wide,  intrusive  into  the  beds 
of  the  Avondale  volcanic  series.  Dikes  from  this  mass  are  excep- 
tionally rare,  but  enough  evidence  was  found  to  prove  its  intrusive 
nature.  The  rock  is  light  colored  and  medium  grained,  consisting 
of  pink  orthoclase,  black  hornblende,  and  quartz.  The  latter  is 
abxmdant  in  small  grains  which  show  upon  a  fresh  surface  only  when 
closely  examined.  On  the  weathered  surface,  however,  they  stand 
out  in  relief  and  give  to  the  rock  the  appearance  of  a  typical  granite. 
With  the  microscope  the  rock  is  foimd  to  consist  of  andesine,  ortho- 
clase, augite,  and  quartz,  with  abundant  rods  and  grains  of  apatite. 


Digitized  by 


Google 


PRE-CAMBRIAN  ROCKS  OF  NEWFOUNDLAND  475 

The  colorless  augite  is  almost  completely  altered  to  pleochroic  green 
hornblende  and  chlorite.  A  chemical  analysis  of  this  rock  is  given 
on  page  476,  No.  3. 

Outcrops  of  a  quartz  syenite  are  foimd  along  the  shore  to  the 
north  of  Chapel  Cove.  This  rock  has  a  very  limited  distribution, 
occurring  in  fault  blocks  brought  into  their  present  position  by 
thrusting,  and  in  places  the  rock  is  much  crushed  by  the  stresses 
to  which  it  has  been  subjected.  In  the  hand  specimen  the  rock 
appears  to  be  a  white,  medium-grained  syenite,  consisting  of  an 
aggregate  of  feldspars  averaging  5  mm.  in  length.  In  thin  section 
the  rock  is  seen  to  consist  of  an  aggregate  of  plagioclase  feldspars, 
predominantly  albite  and  to  a  minor  extent  oligoclase,  with  a 
groundmass  of  quartz  and  orthoclase  in  micrographic  intergrowth 
filling  the  interstices.  The  rock  is  crushed  and  exhibits  cataclastic 
texture  in  a  high  degree.  A  chemical  analysis  of  this  rock  will  be 
found  on  page  476,  No.  4. 

The  backbone  of  the  St.  John's  Peninsula  is  mapped  by  Howley 
(1907)  as  Laurentian.  This  rock  in  its  northern  half  was  foxmd  by 
the  writer  to  bear  intrusive  relations  to  the  Avondale  volcanics  and 
to  constitute  a  granite  batholith  five  to  six  miles  in  width  and  about 
forty  miles  in  length,  if  its  boundary  to  the  south  continues  to 
coincide  with  that  of  Howley's  Laurentian  area.  The  eastern 
boundary,  where  it  was  followed  by  the  writer  for  several  miles,  is 
delimited  by  a  fault  plane.  Along  the  west  side  the  beds  are  very 
much  disturbed  and  folded.  The  rock  is  a  pink,  medium-grained, 
equigranular,  biotite  granite,  consisting  essentially  of  quartz, 
orthoclase,  albite,  oligoclase,  and  chlorite,  the  latter  believed  to  be 
derived  from  biotite.  Fresh  flakes  of  original  biotite,  however,  are 
found  only  in  occasional  sections.  A  chemical  analysis  of  the  rock 
appears  on  page  476,  No.  5. 

One  of  the  most  striking  and  interesting  features  of  the  geology 
along  Smith  and  Random  soimds  at  the  head  of  Trinity  Bay  is  the 
way  in  which  the  early  green  slates  of  that  region  have  been  rent, 
riven,  and  intruded  by  a  great  series  of  approximately  parallel  dikes 
of  porphyrite  and  basalt.  At  one  locality  there  were  coimted  32 
dikes  in  a  distance  of  about  350  yards.  As  a  rule,  however,  the 
dikes  are  not  as  frequent  as  this;  yet  they  are  never  absent  for  any 
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great  distance.  Their  general  strike  is  approximately  north-south. 
About  half  the  dikes  are  between  two  and  five  feet  in  width,  and 
the  rest  are  about  equally  divided  between  dikes  ten  to  fifteen  feet 
and  those  thirty  or  more  feet  in  width.  In  addition  to  the  dikes 
in  the  slate  series  several  dikes  and  sills  were  f oimd  intruding  the 
Cambro-Ordovidan  rocks,  and  dikes  in  the  Signal  Hill  and  Random 
formations  are  present  but  rare.  The  porphyrite  dikes  are  variable 
in  their  mineralogical  composition  and  comprise  hornblende  por- 
phyrites,  labradorite  porphyrites,  and  augite  porphyrites  or  basalts. 

TABLE  V 
Chemical  Analyses  of  Instructive  Igneous  Rocks  around  Conception  Bat 


SiO,... 

AlA 

Fe.0,.. 

FeO... 

MgO.. 

CaO... 

Na,0.. 

KaO... 
HaO-. 

TiO,.. 
MnO.. 


48.54 
20.62 

S-39 
553 
4.77 
8.16 

314 

I  23 

i.8s 

.17 

.20 

.19 


SI. 34 

18.94 

3  29 

6.49 

4-55 

8.84 

2.19 

1.09 

2.12 

.11 

.34 

.29 


59.18 
18.21 

2.73 

3.62 

2.51 

•4.23 

3.84 

3.26 

1. 8s 

.20 

Undet. 

.16 


69 
16 


52 
85 
03 
6S 
18 

37 
09 
73 
89 
OS 
21 

09 


71.82 

16.07 

1.22 

1.60 

.40 

1.66 

3-27 

3  07 

.71 

.19 

Undet. 

13 


Total. 


99.77 


9959 


99.79 


99.66 


100.14 


1.  Hornblende  gabbro  from  about  6  miles  south  of  Manuels. 

2.  Quartz  bearing  gabbro  from  Holyrood  Butterpot. 

3.  Granodiorite  from  near  Woodfoixis. 

4.  Quartz  syenite  from  Chapel  Cove. 

5.  Biotite  granite  from  interior  of  St.  John's  Peninsula. 

The  former  are  found  in  the  pre-Cambrian  slates,  but  only  the  last 
named  in  the  Cambro-Ordovidan  beds. 

In  the  region  about  Conception  Bay  the  granite  of  the  Holyrood 
batholith,  the  gabbro,  quartz  syenite,  and  dikes  of  rhyolite  porph)rry 
and  diabase  are  all  overlain  unconformably  by  Lower  Cambrian 
sediments.  Salic  dikes  were  not  found  intruding  beds  younger  than 
the  Conception  slate  series,  and  femic  dikes  are  far  less  frequent  in 
formations  above  this  series  than  in  those  below  it  and  constituting 
it.  Whether  this  is  due  to  the  different  character  of  the  formations, 
to  their  different  stratigraphic  position,  or  to  their  different  age. 


Digitized  by 


Google 


PRE'CAMBRIAN  ROCKS  OF  NEWFOUNDLAND  477 

is  an  open  question.  What  little  evidence  there  is  seems  to  point 
toward  a  period  of  batholithic  and  dike  intrusion  at  a  time  succeed- 
ing the  period  of  deposition  of  the  Conception  series  and  preceding 
that  of  the  Signal  Hill  series.  No  dikes  whatever  were  f oimd  intrud- 
ing the  Cambro-Ordovician  beds  in  the  region  of  Conception  Bay, 
but  in  the  vicinity  of  Trinity  Bay  infrequent  dikes  of  a  distinctive 
character  do  intrude  these  beds  and  undoubtedly  belong  to  a 
yoxmger  period  of  intrusion,  possibly  that  of  the  Taconic  revolution, 
or  related  to  the  period  of  vulcanicity  represented  by  vast  flows 
of  lava  in  the  Notre  Dame  Bay  region  about  fifty  miles  to  the  north- 
east. This  period  of  intrusion  during  the  pre-Cambrian  corresponds 
to  a  similar  period  of  intrusion  of  granite  into  the  volcanic  series 
of.  the  Blue  Ridge  of  Maryland  and  Virginia  described  by  Keith 
(1892),  or  the  Proterozoic  batholiths  of  the  Lake  Superior  region 
described  by  Allen  (1915,  p.  717)  which  he  suggests  are  post-Middle 
Huronian  or  pre-Upper  Huronian. 

Geographically,  chemically,  and  physically  the  volcanics, 
plutonics,  and  dikes  of  the  Conception  Bay  region  appear  to  be 
genetically  allied.  Thus  the  gabbros,  quartz-bearing  gabbro, 
hornblende  porphyrite  with  quartzose  groxmdmass,  granodiorite, 
quartz  syenite,  biotite  granite,  granophyre,  and  aplite  form  a  series 
of  rocks  with  an-  ascending  silica  ratio,  belonging  to  the  same 
geographical  area  and  very  probably  to  the  same  period  of  intrusion. 
Again,  the  analyses  of  the  Holyrood  granite,  rhyolite  porphyry  near 
Holyrood,  and  a  rhyolite  flow  from  the  Avondale  volcanics  near 
Manuels,  constituting  a  batholith,  a  volcanic  neck,  and  a  volcanic 
flow  respectively,  show  but  slight  variation  in  composition,  although 
the  texture  varies  widely.  The  chemical  differences  between  the 
granite  on  the  one  hand,  and  the  rhyolite  porphyry  and  rhyolite  on 
the  other,  are  the  usual  relative  increase  in  silica  and  loss  of  alumina, 
lime,  magnesia,  and  iron  in  the  volcanic  f acies.  Again,  the  plutonic 
gabbros,  a  volcanic  plug  of  plagioclase  basalt  near  Manuels,  and 
the  Blue  Hills  basalt  flows  may  be  cited  as  textural  fades  of  a  similar 
basic  magma.  The  repeated  recurrence  and  abimdance  of  intru- 
sions of  magma  of  basaltic  composition  in  dikelike  form  throughout 
the  entire  peninsula,  in  contrast  to  the  restricted  local  character  of 
the  salic  intrusions  with  their  associated  infrequent  dikes,  rather 
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impress  one  with  the  idea  that  a  basaltic  magma  was  the  one  from 
which  the  salic  differentiates  originated. 

CONCLUSION 

The  points  brought  out  in  this  paper  which  it  is  desired  to 
emphasize  are  as  follows: 

1.  The  confirmation  of  the  local  gladation  of  the  Avalon  Penin- 
sula, of  the  control  of  faidts  and  fractures  over  the  lineaments  of  the 
topography,  and  of  the  fiord  nature  of  the  coast. 

2.  The  description  and  confirmation  of  the  presence  of  a  thick 
series  of  volcanics  at  the  base  of  the  pre-Cambrian  section. 

3.  The  presentation  of  evidence  pointing  toward  the  origin  of 
the  members  of  the  later  pre-Cambrian  series,  as  follows: 

a)  The  Avondale  volcanics  as  subaerial  accumidations  of  vol- 
canic materials  derived  from  volcanoes  of  the  central  typ)e. 

b)  The  Conception  slate  series  as  materials  derived  from  rocks 
resembling  the  Avondale  volcanics  swept  into  the  sea  in  a  com- 
paratively fresh,  xmaltered  condition. 

c)  The  Momable  formation  as  well-decomposed  marine  Sedi- 
ments with  traces  of  organic  life.  ' 

d)  The  Signal  Hill  reddish-brown  sandstone  series  as  dominantly 
subaerial  fluviatile  deposits  in  a  subarid  climate,  derived  from  a 
re-working  of  volcanic  rocks  resembling  members  of  the  Avondale 
volcanics. 

4.  The  evidence  of  a  comagmatic  series  of  igneous  rocks  intruded 
probably  at  some  time  during  early  or  middle  Proterozoic  time. 

5.  The  entire  series  from  bottom  to  top  is  derived  directly  or 
indirectly  from  rocks  of  volcanic  origin. 

The  author  wishes  to  acknowledge  his  indebtedness  to  Professors 
van  Ingen  and  Smyth  for  their  cordial  assistance  and  advice 
rendered  to  him  throughout  the  course  of  the  work,  and  to  Mr.  B.  F. 
Howell  for  his  assistance  during  the  summer  of  1913. 
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CURIOUS  EROSION  FEATURE  IN  WEST  TENNESSEE 

CLAYS 


ROLF  A.  SCHROEDER 
Tennessee  Geological  Survey,  Nashville 


Recently  the  writei^  had  occasion  to  observe  a  rather  odd  and 
striking  phenomenon.  The  clay  strata  of  West  Tennessee  lie  in 
nearly  horizontal  beds  of  unconsolidated  sands  of  the  Ripley  and 
Lagrange  (Wilcox)  formations  and  are  very  liable  to  active  ero- 
sion.   During  torrential  rains,  which  are  common  in  this  region, 


Fig.  X. — Miniature  erosion  pillars  in  clay.    (Scale,  i  inchs  i  ioot.y 

small  columns  are  sometimes  carved  in  the  surface  of  the  exposed 
day.  These  have  been  termed  "miniature  hoodoos"  by  the 
writer,  for  they  are  in  fact  small  editions  of  the  pillars  or  "hoo- 
doos''  so  well  known  in  Monument  Park,  Colorado,  and  have 
the  same  origin.  They  are  rarely  more  than  six  inches  high,  are 
circular  or  elliptical  in  horizontal  section,  and  generally  closely 
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spaced  (15-20  per  square  foot).  Thin  fragments  of  hardpan  (fer- 
ruginous sandstone)  commonly  form  the  protective  capping  and 
are  derived  from  the  overburden.  Other  substances,  such  as 
leaves,  bits  of  wood,  and  concretions,  fimction  in  the  same  way. 
In  short,  any  small,  flat  piece  of  coherent  matter  will  do.  These 
miniature  hdodoos  are  very  abimdant  in  this  region  and  are  espe- 
cially characteristic  of  very  plastic  clays. 
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The  Principles  of  Economic  Geology,  By  W.  H.  Ebimons.  New 
York:  McGraw-Hill  Book  Co.,  Inc.  Pp.  606,  with  208  figures. 
1918. 

In  The  Principles  of  Economic  Geology  Professor  Emmons  has 
aimed  to  give  advanced  students  of  geology  a  general  survey  of  the 
science  of  mineral  deposits.  The  fuels  have  purposely  been  omitted, 
however,  as  to  have  treated  them  adequately  would  have  enlarged  the 
book  unduly,  and  evidently  for  the  same  reason  the  non-metalliferous 
deposits  are  somewhat  briefly  described,  receiving  but  one  chapter 
of  the  twenty-eight  in  the  book.  The  volume  is  thus  in  essence  a  con- 
densed treatise  on  ore  deposits;  its  central  concept  is  that  most  ore 
deposits  (except  an  important  group  of  sedimentary  origin)  are  geneti- 
cally related  to  igneous  rocks. 

The  first  chapter  consists  ahnost  wholly  of  definitions,  such  as  ore, 
protore,  etc.,  a  necessary  groundwork,  but  it  forms  a  rather  heavy 
introduction  to  the  subject  and  is  likely  to  dull  the  interest  of  students 
coming  fresh  to  the  subject;  fortunately  the  chapter  is  but  three  pages 
long.  A  suggestive  outUne  of  the  objects  of  economic  geology,  its 
problems,  and  its  broader  relations  to  petrology  and  geology  would 
perhaps  make  a  more  attractive  introduction.  The  second  chapter 
takes  us  deep  into  the  subject,  namely,  the  classification  of  ore 
deposits.    Primary  ore  deposits  are  grouped  under  eight  major  heads: 

1.  Deposits  formed  by  magmatic  segregation;  consoUdated  from 
molten  magmas. 

2.  Pegmatite  veins;  deposited  by  aqueo-igneous  magmatic  solu- 
tions. 

3.  Contact-metamorphic  deposits;  deposited  in  intruded  rocks  by 
fluids  passing  from  consohdating  intruding  rocks. 

4.  Deposits  of  the  deep  vein  zone;  formed  at  high  temperature 
and  under  great  pressure,  generally  in  and  along  fissures. 

5.  Deposits  formed  at  moderate  depths  by  ascending  hot  solu- 
tions. 

6.  Deposits  formed  at  shallow  depths  by  ascending  hot  solutions. 

7.  Deposits  formed  at  moderate  and  shallow  depths  by  cold  meteoric 
solutions. 

8.  Sedimentary  deposits;  chemical,  mechanical,  organic,  etc. 
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These  classes  are  then  briefly  characterized,  perhaps  somewhat  too 
briefly  to  differentiate  them  clearly  in  the  student's  mind  at  this  stage 
of  his  knowledge  of  the  subject.  For  example,  the  characterization  of 
contact-metamorphic  deposits  is  insufficient  to  distinguish  them  sharply 
from  deposits  of  classes  4,  5,  and  6. 

The  next  eight  chapters  take  up  one  by  one  the  several  classes  of 
the  scheme.    They  are  models  of  clear  and  concise  presentation. 

In  the  chapter  on  the  sedimentary  deposits  is  given  an  interesting, 
diagram  that  shows  approximately  what  proportion  of  the  primary  ores 
and  protores  of  each  of  the  various  metals  occur  in  the  eight  groups  of 
the  genetic  classification. 

Chapters  11  to  21  inclusive  deal  with  the  more  general  phases  of 
the  subject,  such  as  primary  ore  shoots,  the  origin  of  thermal  metal- 
liferous waters,  and  so  on.  The  chapter  on  Superficial  Alteration  and 
Enrichment  is  of  course  particularly  good,  as  is  to  be  expected  of  a 
field  that  the  author  has  so  notably  made  his  own.  It  is  somewhat 
surprising,  however,  to  find  that  he  has  made  no  use  of  the  newer 
solubility  determinations  of  the  metalUc  sulphides  as  given  in  Stieglitz' 
Qualitative  Analysis  or  in  Abegg's  Handhuch  der  Anorganische  Chemie; 
had  he  used  these,  rather  than  those  of  Weigel,  he  would  have  found 
less  difficulty  in  reconciling  them  with  the  known  facts  of  secondary 
enrichment. 

The  second  half  of  the  book  (chapters  22  to  28,  comprising  299 
pages)  treats  of  the  metals  and  more  important  non-metals.  The  chief 
valuable  minerals  of  each  metal  and  non-metal  are  described,  chiefly 
in  their  economic  aspects,  the  genesis  of  the  deposits  is  sketched,  the 
age  of  the  deposits  occurring  in  the  United  States  is  discussed,  and 
certain  specific  or  distinctive  features  of  the  geology  of  each  substance, 
such  as  sulphide  enrichment  in  the  chapter  on  copper,  are  specially 
considered.  Although  some  economic  geologists  have  objected  to  this 
mode  of  treatment  by  substances,  it  is  an  eminently  satisfactory  way 
of  giving  the  subject  concreteness  to  the  student.  As  DeLaunay  says, 
the  treatment  by  types  of  deposits,  in  spite  of  important  advantages, 
has  the  grave  fault  of  scattering  the  descriptions  of  deposits  of  the  same 
substance  according  to  a  system  that  is  necessarily  somewhat  hypothetical 
and  arbitrary.  The  general  treatment  of  each  metal  or  non-metal  is 
followed  by  descriptions  of  mining  districts,  practically  all  of  which  are 
chosen  from  the  United  States.  For  some  reason  not  clearly  apparent 
the  order  in  which  they  are  described  conforms  neither  with  the  genetic 
classification  of  the  first  half  of  the  book  nor  with  the  order  of  their 
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commercial  importance.  In  the  phapter  on  iron,  the  Lake  Superior 
deposits  receive  an  undue  amount  of  attention  in  view  of  the  title  of 
the  book,  and  following  what  seems  to  have  become  a  convention 
among  those  intrusted  to  teach  geology,  a  large  number  of  stratigraphic 
columns  built  up  of  many  formations  and  members,  doubtless  of 
interest  to  local  geologists,  have  been  introduced,  but  they  add  little 
in  elucidating  the  principles  of  the  science.  The  reviewer  would  like 
.to  see  the  chapter  on  iron  recast  in  accordance  with  the  genetic  classi- 
fication adopted  in  the  book.  As  illustrating  the  first  category  of  the 
classification,  the  descriptions  of  the  districts  might  then  b^gin  with 
the  igneous  iron  ores  of  Kiruna,  Sweden,  which  have  been  carefully 
studied  by  n:iany  able  geologists  and  concerning  which  there  is,  as  a 
result  of  the  attrition  of  ideas,  a  solid  nucleus  of  established  fact.  It 
seems  desirable  that  this  mode  of  treatment  be  extended  to  the  other 
metals  also,  and  that  the  representative  districts  be  selected  regardless 
of  whether  they  are  or  are  not  in  North  America.  Although  the  author 
has  purposely  chosen  the  illustrative  districts  almost  wholly  from  North 
America,  the  procedure  can  hardly  be  commended,  as  it  encourages 
provincialism  and  seems  rather  a  concession  to  our  American  linguistic 
laziness.  In  the  chapter  on  copper  seven  of  the  eighteen  districts 
described  are  those  containing  disseminated  deposits,  which  adds  much 
to  the  amount  of  information  presented,  but  does  not  increase  the  num- 
ber of  principles  exemplified.  For  some  of  the  "porphyry  coppers," 
descriptions  of  types  not  now  illustrated  by  the  book  might  profitably 
be  substituted,  such  as  those  of  Mansfeld,  SuUtelma,  and  Little 
Namaqualand. 

In  naming  this  volume  The  Principles  of  Economic  Geology ^  Professor 
Emmons  has  given  it  a  highly  attractive  title — one  which  arouses  the 
expectation  that  the  book  thus  distinguished  will  deal  in  a  broad  and 
stimulating  way  with  the  firmly  established  generalizations  of  the  sub- 
ject. If  in  places  it  deviates  from  the  ideal  suggested  by  its  title  and 
becomes  burdened  with  details,  these  departures  are  after  all  easily 
forgotten  in  view  of  the  general  excellence  of  the  book.  The  subject 
is  accurately,  clearly,  and  succinctly  presented,  and  is  well  illustrated 
by  numerous  carefully  chosen  text  figures.  The  author  has  achieved 
the  plan  he  set  himself  to  accomplish — to  give  a  conspectus  of  the  sub- 
ject for  advanced  students  of  geology — and  for  this  purpose  the  book  is 
undoubtedly  the  best  text  on  economic  geology  that  has  yet  been 
written. 

Adolph  Knopf 
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This  article  aims  to  review  previous  references  to  a  Champlain 
submergence  in  the  lower  drainage  of  Columbia  River,  to  eliminate 
erroneous  interpretations  and  correlate  data  which  belong  to  this 
subject,  to  present  more  evidence  establishing  the  fact,  to  define 
the  character  and  the  extent  of  the  submergence,  to  correlate  this 
with  the  Pleistocene  history  of  northwestern  Washington,  and  to 
indicate  questions  which  are  still  unanswered. 

HISTORICAL 

So  far  as  known,  Thomas  Condon  published  the  first  note  on 
static  water  in  the  Columbia  Valley  during  late  Pleistocene  time. 
This  was  an  article  entitled  "The  Willamette  Sound"  in  the 
Overland  Monthly,  1871.*  Condon  argued  for  a  submergence  of  at 
least  330  feet  above  present  tide,  the  waters  flooding  Willamette 
Valley  and  backing  up  through  the  Gorge  of  the  Columbia  across 
the  Cascade  Range  and  submerging  portions  of  the  tributary 
Yakima  and  Walla  Walla  valleys.     Condon's  evidence  was  the 

*  The  article  has  been  reprinted  as  a  chapter  in  Condon's  The  Two  Islands  (Port- 
land: J.  K.  Gill,  1902),  and  also  in  his  Oregon  Geology  (1910),  a  revision  of  The  Two 
Islands. 
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existence  of  marine  Pleistocene  deposits  along.  Shoalwater  Bay, 
Washington,  lo  to  15  miles  north  of  the  mouth  of  Columbia  River, 
and  fossiliferous  beds  below  about  330  feet  A.T.  at  the  moutli  of 
Des  Chutes  River,  an  Oregon  tributary  entering  the  Columbia 
immediately  east  of  the  Cascade  Range.  If  the  sediments  in  these 
two  localities,  more  than  150  miles  distant  from  each  other,  were 
deposited  in  the  same  body  of  water,  then  Willamette  Valley  of 
western  Oregon,  intennediate  in  position,  must  have  been  largely 
submerged.  To  this  water  body  Condon  gave  the  name  of 
Willamette  Sound.  He  correlated  it  with  the  Champlain  sub- 
mergence on  the  Atlantic  Coast. 

Static  waters  in  the  Columbia  Valley  east  of  the  Cascade  Range 
were  postulated  by  T.  W.  Symons  in  a  Senate  document,'  pub- 
lished in  1882,  dealing  chiefly  with  navigation  of  the  Columbia. 
Symons  saw  many  rounded  bowlders  on  the  basalt  plateau  along 
the  Columbia  in  central  Washington,  he  saw  considerable  tracts 
of  the  basalt  covered  with  sedimentary  deposits,  and  he  found 
large,  though  fragmentary,  gravel  terraces  in  the  Colimibia  Valley. 
All  of  these  he  ascribed  to  a  glacial  lake  which  he  named  Lake 
Lewis.  He  thought  this  lake  extended  southward  as  far  as  Walla 
Walla  and  Wallula.  He  gave  no  altitudes,  cited  no  evidence  for 
the  Champlain  age  which  he  assmned  for  the  submergence,  and 
suggested  no  cause  for  the  ponding. 

I.  C.  Russell  made  a  geological  reconnaissance  in  central 
Washington  in  1892,  and  in  his  report*  revised  Symons'  data  some- 
what but  adopted  his  conception  of  a  glacial  lake.  His  revision 
consisted  in  eliminating  the  sedimentary  formation  exposed  in 
White  Bluffs  along  the  Columbia.  This  he  considered  to  be  a 
portion  of  the  John  Day  Series  of  Tertiary  age.  He  also  added  the 
valuable  item  that  there  were  many  foreign  granite  bowlders  in 
the  Columbia  and  Yakima  valleys  which  had  been  carried  in  beigs 
to  their  present  positions.  Russell  thought  that  a  glacier  might 
have  dammed  Columbia  River  at  The  Dalles,  just  below  the  mouth 
of  Des  Chutes  River,  but  he  admitted  the  possibility  of  subsidence 

I  "The  Upper  Columbia  River  and  the  Great  Plain  of  the  Columbia/'  SenaU 
Document  No.  1S6,  Forty-seventh  Congress,  zst  sess.,  Washington,  1882. 

'"A  Geological  Reconnaissance  in  Central  Washington,"  US.  Gtd,  Sun.^ 
BuU,  108  (1893). 
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allowing  "the  ocean  to  enter  the  great  central  valley  between  the 
Cascades  and  Rocky  mountains." 

J.  S.  Diller  published  his  geological  reconnaissance  of  north- 
western Oregon*  two  years  after  the  appearance  of  Russell's  report. 
In  it  he  adopted  Condon's  notion  of  a  Willamette  Sound.  Like 
Russell,  he  announced  the  existence  of  foreign  bowlders  in  the 
valley  and  interpreted  these  as  berg-carried  in  the  waters  of  a 
Pleistocene  submergence. 

Russell,  in  another  paper,  published  in  1898,'  stated  his  belief 
that  the  Great  Terrace  in  the  Colimibia  Valley,  between  the 
junction  of  the  Methow  and  Chelan  valle}^,  was  a  delta  built  in 
Lake  Lewis.  He  considered  that  the  termination  of  the  Great 
Terrace,  a  little  below  the  mouth  of  Chelan  River,  was  the  delta 
front.  Russell  noted  here  that  "full  and  unquestionable  evidence 
of  its  [the  lake's]  actual  existence  cannot  be  said  to  have  been 
discovered." 

CRITICAL  EXAMINATION   OF   THE  DATA  PRESENTED   BY   THE   FORE- 
GOING WRITERS 

Shoalwaier  Bay. — ^These  deposits,  dted  by  Condon,  are  unques- 
tionably part  of  the  coastal  phase  of  the  Satsop  formation.^  This 
formation  is  largely  a  river  gravel  in  the  Columbia  Valley,  and 
only  along  the  coast  was  it  deposited  in  standing  wafer.  In  the 
Shoalwater  Bay  (Willapa  Bay)  exposures  there  is  abundant  evidence 
in  the  presence  of  gravel  strata  containing  granite,  gneiss,  and 
much  quartzite  that  a  vigorous  current  existed  throughout  the 
length  of  the  Columbia  in  Oregon  and  Washington  when  these  beds 
were  deposited.  Though  the  Satsop  is  believed  from  paleonto- 
logical  evidence  to  be  Quaternary  in  age,  it  was  laid  down  before 
the  present  Cascade  Range  was  folded  and  therefore  long  antedates 
the  Champlain  epoch.  The  strata  along  Shoalwater  Bay  therefore 
do  not  record  a  Willamette  Sound. 

*"A  Geological  Reconnaissance  in  Northwestern  Oregon,"  US.  Geol.  Surv,, 
I7ih  Ann,  Rept,,  Part  I  (1895). 

» "The  Great  Terrace  of  the  Columbia,"  Amer.  Geologist,  XXH  (1898),  363. 
s  J  H.  Bretz,  "The  Satsop  Formation  of  Oregon  and  Washington,"  Jour.  Geol., 
XXV  (1917),  447. 
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Des  Chutes  terrace. — Condon  gave  no  list  of  fossils  from  the 
terrace  deposit.  He  simply  said  the  material  was  stratified  days, 
sands,  and  gravels  containing  tusks,  teeth,  and  bones  ''of  the  land 
animals  of  that  period,  marking  at  once  the  height  at  which  these 
waters  stood."  No  one  has  since  studied  the  faima  from  this 
locality.  There  are  many  Tertiary  formations,  with  vertebrate 
faimas,  in  Oregon  and  Washington  in  the  great  lava  plain  east  of 
the  Cascades.  The  terrace  may  be  the  outcropping  edge  of  a 
formation  of  this  kind,  and  not  a  remnant  of  a  post-valley  filling. 
The  feature,  so  far  as  known,  gives  no  positive  evidence  for  the 
existence  of  Willamette  Sound. 

The  DalleSy  Oregon. — Condon  mentioned  sediments  deposited 
in  ravines  cut  in  The  Dalles  beds  at  this  place  and  ascribed  them 
to  Willamette  Sound. 

Swan  Island,  Portland. — Quoting  Condon:  "Currents  of  such 
a  vast  body  of  water  [Willamette  Sound]  ....  the  s^ency  com- 
petent to  the  heaping  up  of  that  long  sandy  ridge,  loo  feet  high, 
through  which  the  river  has  cut  at  Swan  Island,  north  of  Portland." 
This  ridge  is  a  terrace  remnant;  left  by  erosion,  not  deposition; 
and  is  a  portion  of  a  great  delta  of  the  Colimibia  built  in  Willamette 
Valley.  Static  waters  stood  no  higher  than  its  surface  (300 
feet  A.T.)  when  the  delta  was  built.  If  related  to  Willamette 
Sound  it  is  probably  a  record  of  the  subsiding  stages.  It  will  be 
discussed  more  fully  later  in  this  paper. 

White  Bluffs  (Ringgold  formation) ,  Washington. — ^Merriam  and 
Buwalda  recently  have  shown'  that  the  sedimentary  formation 
exposed  in  White  Bluffs  is  of  very  late  Cenozoic  age,  probably 
Pleistocene.  They  favor  the  view  that  it  is  a  flood-plain  deposit, 
and  not  lacustral.  Its  summit  plane  is  considerably  belowj  the 
upper  limit  of  drifted  erratics,  and  on  this  point  it  cannot  be  ruled 
out  of  the  list  of  phenomena  bearing  on  the  Columbia  submergence 
that  we  are  discussing.  But  it  rises  300  feet  highcfr  than  the  broad 
gravel  terraces  on  the  opposite  side  of  the  river,  and  these  are  very 
probably  deposits  of  the  river  immediately  following  the  Champlain 
submergence.     Merriam  and  Buwalda  found  no  bowlders  of  any 

'  "Age  of  Strata  Referred  to  the  EUensburg  Formation  in  the  White  Bluffs  of  the 
Coliunbia  River,"  University  of  California,  Dept,  GeoL  BuU,,  X  (1917),  HS- 
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kind  in  the  materials  exposed  in  the  soo-foot  sections  they  studied. 
Absence  of  anything  attributable  to  floating  ice,  presence  of  a 
fauna  of  land  vertebrates,  and  the  existence  of  a  broad  valley  cut 
in  the  Ringgold  formation  containing  gravel  deposited  probably 
during  subsiding  stages.of  the  submergence  seem  adequate  evidence 
for  ruling  the  Ringgold  formation  out  of  the  catalogue  of  records  of 
Lake  Lewis. 

'^Sediments  north  of  Saddle  Mountains'^ — It  is  difficult  to  deter- 
mine just  what  Sjmions  meant  by  this  phrase.  There  are  sediments 
in  that  region  which  are  warped  with  the  basalt,  and  there  are  hori- 
zontal sediments,  noted  as  lake  beds  of  Pleistocene  age,^  which  lie 
below  the  upper  limits  of  this  submergence.  These  are  very  poorly 
exposed  and  best  known  from  well  records.  There  are  also  fluvio- 
glacial  gravels,  deposited  by  the  diverted  Columbia  during  sub- 
siding stages  of  the  submergence  and  correlative  with  the  gravel 
terraces  of  the  present  Columbia  Valley. 

'^Rounded  bowlders  and  a  loose,  light,  powdery  soiV — These  occur 
south  of  Badger  Mountain  and  Crab  Creek,  surrounding  Saddle 
Moxmtain,  and  in  the  lower  portions  of  the  valleys  of  Yakima  River, 
Walla  Walla  River,  Snake  River,  and  Moses' Lake.  Symons  here 
grouped  a  congeries  of  deposits  of  varied  genesis:  fluvial,  fluvio- 
glacial,  static  water,  and  wind. 

Gravel  terraces  (cited  by  Symons). — These  are  fluvial  and  fluvio- 
glacial  deposits  and  probably  only  the  Great  Terrace,  above  noted, 
can  be  correlated  with  Lake  Lewis. 

Neither  Condon's  nor  Symons'  work  was  more  than  hasty 
reconnaissance.  No  one  then  knew  that  the  sediments  of  many 
successive  Tertiary  basins  are  exposed  in  the  region,  and  neither 
observer  was  carefully  discriminative.  Neither  one  noted  the 
existence  of  erratics  in  the  Columbia  Valley.  Correlation  with  the 
Champlain  epoch  of  the  eastern  states  was  with  both  wholly  a 
matter  of  inference,  on  the  assumption  that  the  Pacific  Coast  must 
have  been  submerged  if  the  Atlantic  Coast  was. 

Russell  (1893)  was  the  first  to  recognize  the  significance  of  the 
erratic  bowlders  as  evidence  for  the  existence  and  the  age  of  the 

*  A.  T.  Schwennesen  and  O.  E.  Meinzer, "  Ground  Water  in  Quincy  Valley,  Wash- 
ington," t^.5.  Geol,  Surv.,  Water  Supply  Paper  42S-E,  1918. 
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ancient  water  body.  He  beKeved  that  they  were  derived  from  the 
Okanogan  Lobe  of  the  Cordilleran  ice  sheet.  He  found  these 
stranded  erratics  from  the  mouth  of  Wenatchee  Valley  to  the  lower 
portion  of  Yakima  Valley. 

Diller  (1895)  dted  the  erratic  bowlders  of  the  Willamette 
Valley  as  his  contribution  to  the  evidences  for  this  Pleistocene  sub- 
mergence. As  in  Russell's  amplification  of  Symons'  idea  of  a  lake, 
Diller  supplied  the  onljj  trustworthy  evidence  (and  the  convincing 
proof)  of  the  existence  of  a  late  Pleistocene  water  body  in  the 
Willamette  Valley.  Diller,  however,  thought  that  the  berg-carried 
bowlders  were  derived  from  glaciers  descending  the  western  slope 
of  the  Cascades.  No  granite,  schist,  or  quartzite  are  known  to 
outcrop  in  this  portion  of  the  range,  and  it  is  clear  that  the  erratics 
were  carried  through  the  Gorge  from  regions  east  of  these  moun- 
tains. If  Diller  was  aware  of  the  publications  of  Symons  and  of 
Russell  on  Lake  Lewis,  he  did  not  suggest  correlation  between  this 
lake  and  Willamette  Sound. 

Here,  then,  is  a  curious  situation  with  regard  to  nomenclattire. 
Condon  (187 1)  has  priority  of  publication,  but,  so  far  as  we  can 
learn,  his  conclusion  cannot  stand  on  his  own  presented  evidence. 
It  is  purely  a  coincidence  that  there  was  such  a  submergence  as  he 
names.  Symons  (1882)  has  a  case  nearly  identical.  If  Symons 
had  indicated  that  he  found  erratic  or  glaciated  bowlders,  his  case 
would  have  been  clear.  Russell  (1893)  did  not  know  of  Condon's 
publication,  or  he  would  have  mentioned  it  when  he  admitted  that 
the  cause  of  the  ponding  was  not  known.  He  preferred  the  hypoth- 
esis of  a  glacial  dam.  It  seems  unlikely  that  he  did  not  know  of 
Diller's  discovery  of  granite  erratics  in  the  Willamette  Valley  before 
his  own  last-published  mention  of  Lake  Lewis  (1898).  Yet  he 
consistently  referred  to  the  ponding  as  Lake  Lewis,  clearly  not 
correlating  the  episode  in  central  Washington  with  that  in  western 
Oregon.  Russell  and  Diller  independently  discovered  the  evidence 
which  establishes  the  existence  of  the  water  body  under  discussion. 
They  are  to  be  credited  accordingly,  though  neither  saw  as  broad  a 
vision  as  did  Condon. 

There  was  never  a  glacial  dam  across  the  Columbia  in  the 
Gorge.    The  drifted  bowlders  in  Willamette  Valley,  derived  from 
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the  east  side  of  the  range,  are  clear  evidence  of  open  waters  through 
the  Gorge  at  the  time  of  the  submergence.  Further,  a  study 
of  the  various  tributary  valle5rs  along  the  Gorge  shows  that  local 
glaciers,  instead  oi  filling  it  to  a  depth  of  more  than  a  thousand  feet, 
probably  never  reached  the  Coliunbia.  In  Hood  River  Valley 
there  are  moraine  deposits  apparently  recording  two  different 
gladations,  during  the  earlier  of  which  the  ice  reached  within 
3  miles  of  the  Columbia,  and  during  the  later  not  nearer  than 
5  miles.  No  other  local  glacier  got  as  near  as  this  to  the  Colmnbia. 
It  seems  impossible  that  Hood  River  Glacier  could  have  filled  the 
Colmnbia  Valley  to  a  depth  exceeding  a  thousand  feet  and  left  no 
trace  other  than  these  minor  deposits  back  in  the  tributary  valley. 
Both  Condon'  and  LeConte"  have  referred  to  glacial  deposits  near 
The  Dalles,  but  the  writer  has  never  seen  anything  in  this  region 
which  could  he  so  interpreted.  Topographic  situations,  altitudes, 
and  the  location  on  the  lee  side  of  a  moimtain  range  all  contribute 
to  weaken  the  hypothesis  of  glaciation  at  or  near  The  Dalles.  The 
Yakima  Glacier,  on  the  east  slope  of  the  range,  100  miles  farther 
north,  did  not  descend  below  2,000  feet  A.T.,  though  it  was  fed 
from  mountains  much  loftier  than  those  near  The  Dalles. 

NEW    EVIDENCE    ESTABLISHING    THE    FACT    AND    EXTENT    OF     THE 

SX7BMERGENCE 

Foreign  bowlders  and  d£bris. — ^This  can  best  take  the  form  of  a 
list  of  occurrences  and  altitudes  of  foreign  materials  along  the 
Columbia  and  in  some  of  its  tributary  valleys. 

Kelso,  Wash.  (5  mi.  west  of).  Granite  bowlder,  2}  ft.  in  maximiiTn  diame- 
ter. 50  ft.  A.T.  Has  a  pegmatite  dike  in  it.  Dike  projects  i  in.  above  the 
pitted  surface  of  the  granite. 

Manor,  Wash.  (8  mi.  north  of  Vancouver,  Wash.).  Granite  bowlder  in 
schoolyard;  angular,  with  fresh  surface.    Altitude  dose  to  300  ft.  A.T. 

Camas,  Wash.  Granite  bowlder  formerly  on  terrace  back  of  the  town, 
at  an  altitude  of  about  175  ft.  A.T.  Has  been  broken  up  and  used  for  foimda- 
tions.    A  fragment  of  it  was  examined. 

Willamette,  Ore.  (4  mi.  southwest  of).  Several  granite  and  quartzite 
bowlders  lying  at  the  western  foot  of  Pete's  Mountain  at  300  ft.  A.T.  Very 
slightly  weathered. 

>  Thomas  Condon,  The  Two  Islands  (Portland,  1902). 

*  Joseph  LeConte,  "Age  of  the  Cascade  Mountains,"  Amer,  Jour,  Sci.,  VH 
(1874),  167. 
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Canby,  Ore.  (4  mi.  east  of).  Several  erratic  bowlders;  granite  or  gran- 
odiorite,  porphyritic  rhyolite,  and  quartzite.  Altitude  323  ft.  A.T.  Have 
been  blasted  out  of  the  soil  in  clearing  a  field.  Local  authority  states  that  a 
granite  bowlder  like  those  in  this  group  lies  on  the  plateau  tract  4  to  5  mL 
north  of  Canby.    Its  altitude  must  be  about  450  ft.  A.T. 

Dilley,  Amity,  and  Corvallis,  Ore.  Diller  found  foreign  bowlders  near 
these  places  in  the  Willamette  Valley,  the  highest  at  250  ft.  A.T.  He  quotes 
local  authority  for  their  occurrence  as  high  as  1,500  ft.  A.T.  ''near"  Oswego, 
Ore.,  but  there  are  no  elevations  of  more  than  950  ft.  A.T.  near  enough  to 
this  place  to  be  referred  to  its  locality. 

Granite  bowlders  are  very  rare  in  the  Gorge,  east  of  the  Willam- 
ette broadening.  Only  one  has  ever  been  seen  by  the  writer  and" 
none  are  noted  in  the  literature.  The  lone  bowlder  lies  in  Hood 
River  Valley,  Oregon,  on  the  summit  of  Van  Horn  Butte,  a  small 
cinder  cone  three-quarters  of  a  mile  southeast  of  Van  Horn.  It  is 
of  granite.  Its  altitude  is  between  800  and  900  feet  A.T.  Inmie- 
diately  east  of  the  Gorge,  however,  the  foreign  bowlders  are  more 
common  than  in  the  Willamette  Valley.  They  occur  on  the 
eastern  flank  of  the  easternmost  anticline  of  the  Cascade  Range, 
about  the  dty  of  The  Dalles,  Oregon. 

The  Dalles,  Ore.  Granite  bowlder  on  siunmit  of  terrace  immediately 
south  of  the  city  reservoir. 

The  Dalles.  Valley  of  Mill  Creek,  1}  mi.  from  town.  Large  granite 
bowlder  lies  in  the  valley;  probably  has  fallen  from  the  siunmit  of  the  blu£Es, 
about  500  ft.  A.T. 

The  Dalles  (about  6  mi.  west  of),  on  old  Hood  River  road.  A  dozen  or 
more  angular  fragments  of  granite,  3-3  ft.  in  maximum  diameter,  grouped 
as  though  the  result  of  frost  action  or  blasting  of  an  original  large  bowlder. 
Altitude  about  1,200  ft.  A.T. 

The  Dalles  (about  6  mi.  west  of),  north  of  old  Hood  River  road.  Granite 
bowlder,  maximum  diameter  about  3  ft.     500  ft.  A.T. 

Arlington,  Ore.  (i  mi.  east  of).  30  to  40  angular  pieces  of  granite,  from 
2  to  6  ft.  in  maximum  diameter,  grouped  within  a  radius  of  25  ft.  Altitude 
800  ft.+  A.T.  Estimated  volume  of  exix>sed  granite  material,  500  cu.  ft., 
equivalent  to  an  original  bowlder  about  7X  7X8.  The  granite  is  light  gray  in 
color,  composed  of  quartz,  feldspar,  mica,  and  hornblende,  and  contains 
lenses  and  fragments  of  a  dark  ferromagnesian  phanerite.  Portions  are  a 
true  intrusion  breccia.  Many  of  these  huge  granite  bowlders  are  said  to  lie 
on  the  slopes  south  of  Arlington.  Many  of  them  have  been  broken  up  for  tise 
in  cemetery  monuments. 

Roosevelt,  Wash.  Slates,  diorites,  quartzites,  and  several  varieties  of 
granite  are  all  represented  in  cobbly  and  bowldery  fragments  up  to  1,000  ft. 
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A.T.  on  the  slopes  of  Wood  Gulch  back  of  this  town.  One  quartzite,  8  in. 
in  diameter,  has  glacial  striae  on  one  side.  These  fragments  lie  below  the 
outcrop  of  an  intra-basalt  gravel  formation,  but  quite  surely  are  not  derived 
from  it. 

Mottinger,  Wash.  (4  mi.  north  of).  A  distinct  mound  4  ft.  high  and 
40  ft.  in  diameter,  covered  with,  and  apparently  composed  of,  glacial  d6bris  of 
various  kinds,  the  fragments  of  various  sizes  and  shapes.  It  is  Uterally  a 
patch  of  glacial  till  deposited  on  this  unglaciated  slope.  Altitude  about 
1,100  ft.  A.T. 


Fig.  I. — Erratic  near  Prosser,  Wash. 

Kennewick,  Wash.  (3}  mi.  south  of).  Foreign  material  very  abundant  on 
slopes  and  summit  of  the  ridge.  Summit  is  900  ft.  A.T.  Granite,  gneiss, 
quartzite,  vein  quartz,  slate,  porphyritic  phanerites  and  a  variety  of  meta- 
morphic  rock  fragments  are  present.  Striated  faces  are  common.  In  places 
here  the  soil  looks  like  the  washed  suHace  of  a  stony  glacial  till,  though  the 
region  is  many  miles  from  the  nearest  glaciated  area. 

Prosser,  Wash,  (north  of).  Slopes  below  about  1,000  ft.  bear  many 
bowlders  and  fragments  of  granite  and  quartzite.  The  quartzite  is  prevailingly 
pinkish  to  lavender  to  blue  in  color,  a  feature  common  to  most  of  the  angular 
quartzite  in  this  category.  One  quartzite  is  marked  with  two  sets  of  striae 
crossing  each  other.  One  large  granite  bowlder,  6X  7X 10,  hes  at  840  ft.  A.T. 
along  the  road.  It  is  almost  identical  in  character  with  the  material  at 
Arlington.  Riven  fragments  lying  about  the  bowlder  are  equal  in  volume  to 
half  the  main  bowlder  (Fig.  i). 

Mabton,  Wash,  (southwest  of).  Foreign  bowlders  and  cobbles  of  granite, 
quartzite,  slate,  and  basalt  in  considerable  numbers  lie  scattered  over  the 
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surface  of  the  fine,  light-colored  silt  which  floors  this  part  of  the  Yakima  Valley. 
Upper  limit  1,200  ft.  A.T.  These  erratics  occur  in  groups,  several  kinds  of 
rock  in  each  group.  Both  rounded  and  angular,  and  both  laige  and  small 
fragments  occur  in  every  group. 

Snipes  Moimtain,  Wash.,  between  Granger  and  Simnyside.  Foreign 
cobbles  and  bowlders  common,  scattered  over  the  hillside  up  to  nearly  1,200  ft. 
A.T.  One  granite,  2  X3  X4,  at  950  ft.  A.T.,  has  a  flat,  beautifully  striated  face, 
3X4  ft.,  imdoubtedly  a  glaciated  surface. 

Toppenish  Ridge  and  Satus  Valley,  Wash.,  5  to  8  mi.  south  of  Toppenish. 
A  striated  qxiartzite  bowlder,  associated  with  granite  and  other  foreign  material, 
at  about  1,100  ft.  A.T.  A  granite  bowlder  at  1,100  ft.  on  the  south  side  of  the 
Satus  Valley. 

Ahtanum  Ridge,  Wash.  (10  mi.  S.S.W.  of  Yakima).  Large  numbers  of 
angular  granite  and  quartzite  bowlders  and  cobbles  on  the  southern  sl<^)es, 
below  z,20o  ft.,  and  on  the  floor  of  the  structural  valley  immediately  south. 
Grouping  of  angular  fragments  indicate  that  some  original  bowlders  were  4 
to  5  ft.  in  diameter.  Material  fresh,  affected  only  by  frost  action  and  temper- 
ature changes.  One  bowlder  along  road,  about  midway  between  Yakima  and 
White  Swan,  is  clearly  smoothed  and  striated  on  one  face.* 

Dry  Creek  Valley,  Wash.  Glacial  material  plentiful;  granite  predominant, 
but  quartzite,  diorite,  slate,  etc.,  present.  Observed  upper  limit  about 
1,100  ft.  A.T.  Grouped  in  the  familiar  fashion:  large  and  small,  roimded  and 
angular,  all  together  except  where  slope  wash  has  strung  thenr  out.  Groups 
separated  by  intervals  of  hundreds  or  thousands  of  feet  where  no  d6bris  of 
this  sort  is  to  be  foimd.    Glaciated  surfaces'  on  some  bowlders. 

Cold  Creek  Valley,  Wash.  Situation  similar  to  that  in  Dry  Creek  Valley 
1,130  ft.  maximum  altitude  observed. 

Priest  Rapids,  Wash.  (4  mi.  northwest  of).  Granite  bowlders  lie  on  th^ 
slopes  of  the  Columbia  Valley  up  to  1,175  ^^-  A.T.  The  highest  found  is 
3X4X6  exposed,  probably  larger.  Several  nearly  as  large  at  1,150  ft.  A.T. 
on  the  same  hill.    Granite  is  like  that  in  the  Arlington  bowlder. 

Quincy  and  Burke,  Wash.  Between  these  two  places  10  or  12  formgn 
bowlders  were  seen  at  altitudes  above  1,200  ft.  Two  are  described  as  follows: 
(i)  six  mi.  south  of  Quincy;  granite  bowlder,  4  X  5  X 10  exposed  dimensions,  of 
the  familiar  basic  igneous  rock  in  a  light-colored  granite.  (2)  five  mi.  south  of 
Quincy;  granite  bowlder,  largely  buried,  exposed  portion  12  ft.  long;  the 
largest  and  the  highest  (1,255  ft.  A.T.)  foimd  by  the  writer. 

Wenatchee  Valley  at  jimction  with  Columbia  Valley.  Russell  rqwrts 
''great  quantities  of  angular  bowlders,  some  of  them  of  large  size,  composed 
principally  of  quartzite,  granite  and  schists  ....  about  Wenatchee  and 

*  George  Otis  Smith,  in  EUensburg  Folio  No.  86,  U.S.  Geol,  Surv.  (1903),  notes 
the  presence  of  erratic  bowlders  in  Wide  Hollow  and  Wenas  Valley,  north  of  Ahtanum 
Ridge,  and  says  they  ''must  have  been  dropped  from  masses  of  ice  floating  in  the 
ponded  waters  of  Yakima  Valley." 
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along  the  river  to  the  south  ....  which  were  carried  to  their  present  positions 
by  ice."'  He  does  not  say  "floating  ice"  but  his  own  later  work  showed  that 
no  i^adal  ice  ever  reached  this  place,  and  these  bowlders  may  be  listed  with 
the  others  floated  in  the  Columbia  submergence. 

Soap  Lake  and  Adrian,  Wash.  Erratic  bowlders  very  abimdant  along 
the  Great  Northern  Railroad  in  vicinity  of  these  stations.  The  nulroad  here 
crosses  the  old  Grand  Coulee  channel  of  the  Columbia,  occupied  while  the 
Okanogan  lobe  blocked  the  main  valley  to  the  west.  Altitude  of  Soap  Lake 
station  is  1,202  ft.,  of  Adrian,  1,234  ft.  Whether  these  bowlders  were  deposited 
from  bergs  in  Lake  Lewis  or  were  dropped  while  en  route  to  the  lake  along  the 
glacial  Columbia  was  not  determined.  At  any  rate,  they  lie  close  to  the 
entrance  of  the  river  into  the  lake.  The  Coulee  City  terminal  moraine  is 
distant  20  to  25  mi.  by  the  Grand  Coulee  route,  15  to  20  ini.  in  a  straight  line, 
and  the  agency  of  glacial  ice  cannot  be  called  upon  to  explain  their  presence  here. 

Ephrata,  Wash.  "3.7  mi.  south  of  Ephrata,  aluminum  tablet  in  large 
granite  bowlder,  1,283 .  102."  Leveled  in  1903,  by  R.  A.  Fanner  and  in  1909  by 
C.  H.  Semner,  of  the  United  States  Geological  Survey  (note  taken  from 
Bull.  6^4,  US,  GeoL  Surv.)"  This  is  the  highest  foreign  bowlder  ever  reported 
from  the  bed  of  Lake  Lewis,  so  far  as  the  writer  is  aware. 

Winchester,  Wash.  "Twenty  feet  south  of  track,  opposite  section  house, 
in  top  of  granite  bowlder,  aluminum  tablet  stamped  1277 T.  1277.333" 
(data  from  BuU.  674,  U,S.  GeoL  Surv,). 

The  berg-drifted  bowlders  in  the  lower  Columbia  drainage 
extend  almost,  if  not  quite,  from  the  margin  of  the  Okanogan 
glacial  lobe  in  central  Washington  to  within  fifty  miles  of  the 
Pacific  Ocean.  This  debris  did  not  come  from  glaciers  on  the  west 
side  of  the  Cascade  Range,  for  there  are  no  granite  outcrops  in  the 
drainage  of  the  Willamette  Valley.  It  did  not  come  from  glaciers 
along  the  east  slope  of  the  same  range  south  of  Lake  Chelan,  for 
none  of  the  valley  glaciers  here  descended  below  1,500  feet  A.T. 
and  the  submergence  did  not  reach  much  above  1,250  feet  A.T. 
The  Chelan  Glacier  and  the  Okanogan  Lobe  appear  to  have  contrib- 
uted all  the  bergs  which  drifted  so  widely  in  this  inland  sea,  and 
dfibris  which  they  carried  was  scattered  along  350  miles  of  the 
lower  Columbia  Valley. 

Most  of  this  dfibris  Ues  close  to  the  upper  limits  of  the  sub- 
mergence. This  is  due  to  two  causes:  (i)  the  opportunity  for 
stranding  in  shallow  water  along  the  shores,  where  the  bergs  were 

'"A  Geological  Reconnaissance  in  Central  Washington,"  U,S,  GeoL  Surv.^ 
BuU.  108  (1893). 
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held  until  melting,  and  (2)  the  subsequent  removal  or  burial  of 
dfibris  dropped  in  mid-valleys. 

Many  of  the  bergs  were  derived  from  basal  ice  in  the  parent 
glacier.  The  amount  of  fine  material  associated  with  the  bowlders, 
and  the  striated  faces  of  many  bowlders,  makes  this  clear. 

Practically  all  of  the  d6bris  listed  in  the  foregoing  catalogue  has 
been  derived  from  rocks  of  deep-seated  origin,  indicating  the  work 
of  glaciers  in  the  heart  of  an  eroded  mountain  mass. 

The  upper  limit  of  the  submergence,  determined  from  present 
data  on  drifted  bowlders,  is  about  1,200  feet  through  central 
Washington.  The  lower  altitudes  of  the  known  erratics  in  Willam- 
ette Valley  may  be  because  the  heavy  forest  above  the  cleared 
bottom  land  conceals  higher  bowlders.  It  may  also  be  due  to 
warping  in  postglacial  time  along  a  hinge  line  approximately 
coincident  with  the  axis  of  the  Cascade  Range. 

Of -shore  sediments  of  the  submergence, — ^It  is  significant  that  in 
the  lower  valley  of  Yakima  River,  Dry  Creek,  and  Cold  Creek, 
considerable  silt  depoists  occur  below  the  upper  limits  of  the 
erratics.  Many  square  miles  are  covered  by  these  sediments  west 
of  Mabton  and  south  of  the  Yakima  flood  plain.  Here  they  are 
dissected  to  a  subdued  badland  topography  and  the  erratics  are 
scattered  widely  over  the  area:  on  divides,  slopes,  and  valley 
bottoms.  But  the  material  is  incoherent  and  fails  to  stand  m 
bluffs,  so  that  one  cannot  be  sure  that  erratics  are  inclosed  in  the 
silt  deposit.  It  is  probable,  however,  that  these  deposits  are 
correlative  with  those  in  White  Bluffs,  now  named  the  Ringgold 
formation,  and  older  than  the  glacial  submergence. 

It  is  more  significant  that  investigations  on  water  resources  in 
Quincy  Valley'  have  shown  the  presence  of  "Pleistocene  lake  beds'' 
below  1,200  feet  A.T.  Wells  nearly  300  feet  deep  do  not  i>enetrate 
through  these  beds  on  Morrison  Flat,  a  few  miles  west  of  Moses 
Lake.  These  sediments  consist  of  clay,  silt,  and  sand,  with  a  few 
beds  of  gravel,  and  contain  bones  and  shells.  "W.  H.  Dall  states 
that  the  fossils  collected  from  the  lake  beds  are  fresh-water  species, 
all  of  which  are  still  living  and  are  not  older  than  the  Quateman^ 
period.  They  are  of  the  boreal  type  and  could  have  lived  in  the 
cold  water  of  a  glacial  lake.'*'    Glacial  gravels  imconformably 

'  Schwennesen  and  Meinzer,  op.  cit.  *  Ibid.j  p.  144. 
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overlie  the  lake  beds,  the  gravels  having  been  carried  down  Grand 
Coulee  from  the  Okanogan  Lobe  during  the  subsiding  stages  of  the 
submergence. 

The  situation  of  these  deposits  near  the  ice  and  at  the  northern 
extremity  of  the  submergence,  and  the  presence  of  intercalated 
gravelly  strata  make  a  strong  case  for  their  origin  in  Lake  Lewis. 
If  the  interbedded  gravels  were  known  to  contain  material  of 
glacial  derivation,  the  case  would  be  clear.  Schwennesen  and 
Meinzer  think  that  this  lake  was  local,  and  that  it  discharged  to  the 
present  valley  of  the  Columbia  over  two  abandoned  cataracts  south 
and  a  little  west  of  Quincy.  They  apparently  do  not  accept  the 
hypothesis  of  a  Lake  Lewis  as  enlarged  and  set  forth  by  Russell. 

Gravel  terraces  in  the  Columbia  Valley. — Russell  and  others  have 
noted'the  presence  of  several  terraces  of  gravel  at  different  levels 
in  the  Columbia  Valley  from  Chelan  upstream.  The  Great 
Terrace,  as  Russell  called  it,  appears  to  be  the  highest  gravel  bench 
in  this  part  of  the  Colimibia  Valley.  Its  altitude  near  the  down- 
stream termination  is  600  to  700  feet  above  the  Colimibia  according 
to  Russell.  The  Columbia  at  the  mouth  of  Chelan  River  is  670 
feet  A.T.,  and  the  surface  of  the  terrace  therefore  is  1,270  to  1,370 
feet  A.T.  If  the  Great  Terrace  is  a  delta  built  in  Lake  Lewis,  as 
Russell  thought,  and  if  the  present  termination  is  the  original  delta 
front,  the  submergence  stood  between  1,270  and  1,370  feet  in  this 
part  of  Washington. 

The  high  line  of  drifted  d6bris  is  not  known  to  reach  above 
1,283  feet  A.T.,  though  of  course  the  highest  bowlders  may  not 
have  been  found.  At  any  rate  the  close  approximation  in  altitudes 
strengthens  Russell's  case  for  the  delta  origin  in  Lake  Lewis  of  the 
Great  Terrace.  If  top-set  beds  on  fore-set  beds  are  ever  found  in 
this  terrace  their  presence  will  settle  the  matter  affirmatively,  and 
the  altitude  of  their  contact  will  give  the  precise  upper  limit  of  the 
submergence  in  this  part  of  the  state.  If  Russell  were  correct  about 
this,  there  should  also  be  deltas  correlative  with  the  Great  Terrace 
in  such  tributary  valleys  as  carried  glacially  fed,  and  therefore 
actively  aggrading,  streams  at  this  time. 

The  Columbia  Valley  contains  gravel  terraces  at  intervals  from 
the  Great  Terrace  to  Portland.  Too  little  is  known  of  these  to 
attempt  their  interpretation  here,  but  the  upper  limit  of  each 
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highest  terrace  of  the  localities  known  is  lower  with  distance  down- 
stream. Apparently  they  form  a  simple  system  of  river  terraces. 
So  far  as  known  their  surfaces  do  not  bear  the  drifted  erratics. 
They  are  believed  to  have  been  formed  during  and  after  the  sub- 
siding stages  of  the  submergence.  One  set  of  these  terraces,  here 
named  the  Portland  Delta,  is  described  as  follows: 

The  eastern  portion  of  the  city  of  Portland  is  built  on  a  series 
of  terraces  of  river  gravel,  the  highest  of  which  is  about  300  feet  A.T. 
The  300-foot  portions  lie  east  of  Mount  Tabor  and  Rocky  Butte  and 
extend  eastward  up  the  river  to  the  mouth  of  the  Gorge.  Consider- 
able tracts  at  300  feet  A.T.  also  lie  on  the  Washington  side  of  the 
Columbia,  east  of  Vancouver.  This  300-foot  plain  has  been  dis- 
sected by  subsequent  meanderings  and  braidings  of  the  Columbia, 
and  a  large  portion  of  it  has  been  brought  down  to  about 
200  feet  A.T.  One  of  these  abandoned  Columbia  channels  is 
traceable  from  Rocky  Butte  in  the  northeast  part  of  Portland 
westward  to  the  Willamette  in  the  heart  of  the  city.  Another  is 
conspicuous  immediately  east  of  Vancouver,  Washington,  across 
to  the  300-foot  plain. 

The  gravel  composing  the  300-foot  plain  and  200-foot  terraces 
is  fresh  material,  discolored  only  slightly  by  weathering  at  the 
surface,  and  all  of  its  constituent  pebbles  are  hard.  This  criterion 
distinguishes  it  from  terraces  of  the  much  older  Satsop  formation 
on  the  Washington  side,  the  altitudes  of  the  lower  of  which  are  by 
coincidence  almost  the  same  as  the  highest  of  this  series. 

The  gravel  is  almost  everywhere  disposed  in  fore-set  beds  which 
dip  westward  and  northwestward.  Any  gravel  pit  in  Portland 
shows  this,  and  the  long  cut  of  the  Oregon- Washington  Railroad 
and  Navigation  Company  in  the  eastern  part  of  Portland  shoTi^  it 
most  strikingly. 

This  deposit  of  fresh,  delta-bedded  gravel,  with  summit  level 
of  275-300  feet  A.T.,  does  not  extend  down  the  Columbia  farther 
than  10  miles  north  of  Vancouver,  Washington.  Its  outline  is  that 
of  a  broad  fan  or  Greek  A  in  the  Willamette  structural  valley,  with 
its  apex  at  the  mouth  of  the  gorge.  It  appears  clearly  to  record 
static  water  at  this  level  in  the  Columbia  Valley  west  of  the  Cascade 
Mountains.  The  absence,  so  far  as  known,  of  the  drifted  bowlders 
on  its  surface,  the  absence  of  infiltrated  clay  in  it,  and  the  evidence 
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from  the  distributary  channels  across  it  of  a  lowering  water  body 
during  its  formation  all  suggest  that  it  was  deposited  after  the 
maximum  of  the  Pleistocene  submergence.  This  may  have  been 
either  during  a  pause  in  the  subsidence  of  the  water,  or  in  a  later 
and  lesser  submergence.    The  first  interpretation  is  preferred. 

THE  SUBMERGENCE  ELSEWHERE  IN  WESTERN  WASHINGTON 

So  great  a  submergence  in  late  Pleistocene  time  could  not  have 
been  limited  to  the  lower  Colmnbia  drainage.  Its  duration  was  so 
brief,  however,  that  it  is  not  definitely  recorded  by  shore  features 
or  lacustrine  plains,  and  had  there  been  no  bergs  on  it  the  occur- 
rence perhaps,  and  the  extent  certainly  never  would  have  been 
known. 

There  appears  scant  hope,  therefore,  of  finding  records  of  the 
submergence  elsewhere.  The  only  other  region  in  the  Pacific 
Northwest  where  a  similar  episode  has  been  reported  is  the  lowland 
of  Puget  Sound.  During  the  latest,  or  Vashon,  gladation  of  Puget 
Sound  the  sea-level  was  not  more  than  75  feet  above  its  present 
altitude.'  But  after  retreat  of  the  ice  from  the  lowland,  marine 
waters  submerged  the  northern  part  of  the  region  to  a  depth  of  at 
least  290  feet  A.T.*  This  is  recorded  by  the  presence  of  marine 
shells  in  stratified  clay  overlying  the  Vashon  till  sheet. 

Erratic  bowlders  cannot  be  used  for  this  study  in  the  Puget 
Sound  Valley  or  its  margining  slopes  because  glacial  ice  has  covered 
the  whole  region.  South  of  the  terminal  moraine  of  the  Puget 
Sound  Glacier,  however,  they  would  be  as  valuable  a  criterion  as 
in  the  Colmnbia  Valley.  But,  so  far  as  known,  there  are  no  such 
bowlders  in  the  unglaciated  lowlands  of  southwestern  Washington. 
This  may  be  charged  to  lack  of  intensive  search  for  them,  or  to 
absence  of  bergs  in  such  waters. 

GENERAL  CONSIDERATIONS- 

The  highest  known  erratic  bowlders  in  Willamette  Valley 
(323  feet  A.T.)  and  the  highest  known  marine  shells  in  Puget  Sound 
(290  feet  A.T.)  mark  the  known  upper  limit  of  the  submergence 

« J  H.  Bretz,  "Gladation  of  the  Puget  Sound  Region,"  Wash.  Geol,  Surv,  Bull.  8 
(1913).  P-  229. 
» Ibid.y  p.  233. 
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west  of  the  Cascades.    The  hypothesis  that  submergence  was 
relatively  less  on  this  side  of  the  range  may  therefore  be  entertained. 

Contemporaneity  of  submergence  and  glaciation  is  clearly 
recorded  east  of  the  mountains.  In  contrast  to  this  it  seems  dear 
that  in  Puget  Sound  maximum  submergence  lagged  much  behind 
maximum  glaciation,  highest  water-levels  not  being  reached  until 
the  ice  front  had  retreated  at  least  70  miles  and  probably  more  than 
100  miles. 

Though  the  tides  are  felt  during  lower  river  stages  150  miles  up 
the  Columbia,  yet  Astoria,  a  few  miles  inside  the  Columbia  bar, 
has  a  fresh-water  harbor.  The  great  volume  of  the  Columbia,  then 
as  now,  doubtless  maintained  the  fresh-water  character  of  the  entire 
submergence.  The  downstream  journey  of  hundreds  of  miles  by 
bergs  also  indicates  a  current  sufficient  to  offset  the  influence  of  the 
prevailing  westerly  winds  on  these  beigs.  This  fresh-water  char- 
actefr  of  the  Columbia  submergence  explains  the  absence  of  marine 
shells  in  Willamette  Valley  such  as  those  deposited  in  Puget  Sound 
during  the  same  epoch. 

From  the  positive  evidence  of  stranded  bowlders  the  sub- 
mergence reached  a  known  maximum  of  1,283  ^^et  A.T.  close  to  the 
Okanogan  Lobe.  Its  known  maximum  at  The  Dalles  was  i,2co 
feet  A.T.  The  Dalles  is  125  miles  south  of  the  Okanogan  Lobe. 
On  the  west  side  of  the  Cascades  the  highest  records  of  the  sub- 
mergence in  Puget  Sound  are  290  feet  A.T.,  and  bowlders  at  250 
feet  are  reported  near  Corvallis,  Oregon,  160  miles  south  of  the 
front  of  the  Puget  Sound  Lobe. 

Thus  there  is  no  evidence  in  Oregon  and  Washington  for  warping 
along  lines  parallel  to  the  general  front  of  the  CordiUeran  ice  sheet, 
nor  in  central  Washington,  for  progressive  submergence  of  the 
glaciated  area  during  retreat  of  the  ice.  In  fact  the  entire  sub- 
mergence, save  in  Puget  Sound  Valley,  was  confined  to  territory 
beyond  the  limits  of  glaciation. 

Isostatic  depression  125  to  150  miles  beyond  the  extremity  of 
the  two  most  extended  lobes,  and  this  without  detectible  warping, 
seems  an  impossibility.  Furthermore,  the  apparent  warping  along 
a  north-south  hinge  line  in  the  Cascade  Range  is  wholly  out  of 
harmony  with  isostatic  adjustment  during  deglaciation.  The  sub- 
mergence, therefore,  is  referred  to  diastrophic  movements  of  greater 
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Fig.  2. — ^The  late  Pleistocene  Columbia  submergence 

Upper  limits  of  the  submergence  as  shown  on  this  map  are  1,250  feet  A.T.  east 
of  the  Cascade  Range,  900  feet  A.T.  in  the  Columbia  Gorge  through  this  range,  and 
400  feet  A.T.  west  of  the  range. 

N.W.-S.E.  diagonal  ruling  indicates  area  of  Lake  Lewis. 

N.E.-S.W.  diagonal  ruling  indicates  area  of  Willamette  Sound. 
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extent  than,  and  difFerent'  genesis  from,  those  residting  from  the 
weight  of  an  ice  sheet.  In  this  respect  it  difFers  notably  from  the 
Chajnplain  submergence  of  northeastern  America. 

This  hypothesis  of  a  hinge  line  along  the  Cascade  axis  can  be 
most  satisfactorily  framed  in  terms  of  lesser  re-elevation  west  of 
the  range,  after  the  submergence.  It  is  strengthened  by  the 
existence  of  the  drowned  and  alluvium-filled  stream  valleys  of 
Puget  Sound,'  of  the  Colimibia  west  of  Portland,  and  of  the  smaller 
Chehalis  and  Willapa  valleys.  Th^  Columbia  east  of  the  Cascades 
is  on  a  rock  floor  in  many  places  as  far  downstream  as  The  Dalles, 
Oregon. 

On  the  map  of  the  Columbia  submergence  (Fig.  2)  Willamette 
Sound  is  assumed  to  have  reached  a  maximum  height  of  400  feet 
Enough  of  the  valley  has  been  topographically  mapped  to  show 
that  in  such  a  submergence  a  narrow  strait  must  have  existed  just 
south  of  Portland,  and  probably  another  at  Salem.  Through  these 
straits  all  the  Willamette  Valley  drains^e  moved  northward. 

Diller  reports  foreign  bowlders  about  Corvallis,  south  of  both 
straits.  It  seems  impossible  that  bergs  in  the  Coliunbia  Valley-— 
could  have  been  drifted  southward  through  both  straits  against 
the  northward  flow  which  must  have  existed  in  them.  This 
situation  is  very  strongly  suggestive  of  a  submergence  in  the 
Willamette  Valley  even  greater  than  that  shown  in  Figure  2. 

When  one  plots  the  approximate  extent  of  this  submergence  in 
the  Columbia  Valley  on  a  map,  he  finds  that  there  were  two 
broadened  portions,  one  on  each  side  of  the  Cascade  Range,  con- 
nected by  a  narrow  strait  in  the  gorge,  and  the  whole  joined  to  the 
Pacific  by  another  strait  across  the  Coast  Range.  If  we  were 
dealing  with  an  existing  water  body  of  such  outline  and  magnitude 
we  would  almost  surely  find  diffei:ent  names  applied  to  such 
portions.  It  is  therefore  proposed  to  redefine  the  names  "Willam- 
ette Sound"  and  "Lake  Lewis,"  as  outlined  in  this  paper,  and  to 
continue  their  use;  to  recognize  the  existence  of  two  elongateid 
straits,  one  across  the  Cascade  Range,  the  other  across  the  Coast 
Range;  and  to  consider  the  whole  as  "  The  Columbia  Submergence" 
of  the  Champlain  epoch. 

« J  H.  Bretz,  "Gladation  of  the  Puget  Sound  Region,"  Wash.  Gfd,  Surv.  BuU.  S 
(1913),  chap.  viii. 
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INTRODUCTION  AND  OBJECT 

In  the  coiirse  of  field  work  at  Baraboo,  Wisconsin,  in  the  summer 
of  1916,  it  occurred  to  me  that  by  means  of  a  smtably  designed 
tumbling  barrel  an  experimental  study  might  be  made  of  the  abra- 
sion of  cobbles  in  stream  transit.  It  was  believed  that  by  carefully 
controlling  conditions,  quantitative  determination  of  change  of 
shape  and  size  as  related  to  distance  of  travel  could  be  made  which, 
when  later  combined  with  field  studies,  would  serve  as  a  valuable 
criterion  in  the  study  of  deposits  of  transported  materials.  Later  in 
in  the  summer  of  191 7,  during  occasional  examinations  of  gravel 
deposits,  the  idea  was  so  cordially  received  by  Mr.  A.  J.  Collier,  of 
the  U.S.  Geological  Survey,  that  I  undertook  the  study  of  cobble 
abrasion  at  the  University  of  Chicago  the  following  autumn  and 
have  continued  it,  with  some  interruptions,  to  the  spring  of  1919. 
The  following  is  a  brief  statement  of  the  principal  phases  of  the 
problem,  the  methods  used,  the  more  significant  results  obtained  to 
date,  and  the  points  which  I  hope  to  take  up  in  the  future.  More 
complete  description  of  the  methods  and  more  thorough  discussion 
of  various  conditions  and  their  significance  will  be  reserved  for  a 
later  paper. 

OUTLINE  OF  STUDY 

Aside  from  lithologic  character,  the  distinguishing  features  of 
any  cobble  are  its  size,  shape,  and  surface  texture.  These  are 
subject  to  change  and  the  change  is  frequently  characteristic  of 
the  transporting  agent. 

In  stream  transportation  the  rate  of  change  in  size  of  a  given 
piece  depends  on:  (i)  its  own  size;  (2)  the  size  of  associated  cobbles; 
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(3)  the  number  of  such  associated  cobbles;  (4)  its  angularity;  (5)  the 
violence  of  the  motion;  (6)  the  kind  of  rock  (this  factor  might 
be  subdivided  into  elasticity^  hardness ,  etc.)-  The  change  of  shape 
depends  on:  (7)  distance  traveled;  (8)  kind  of  rock;  (9)  violence 
of  motion;  (10)  kind  of  motion;  (11)  size  of  cobble;  (12)  size 
of  associated  cobbles.  The  change  of  sturface  texture  depends 
on:  (13)  kind  of  rock;  (14)  violence  of  motion;  (15)  kind  of 
motion;  (16)  size  of  cobble;  (17)  size  of  associated  cobbles. 

APPARATUS 

The  apparatus  employed  consists  of  two  metal  drums  lined  with 
soft  wood,  25  inches  in  internal  diameter  and  13  inches  long.    These 


Metal 


Fig.  I. — Diagram  showing  in  cross-section  relations  of  cobbles  to  water  and  to 
lining  of  drum  while  in  motion. 

are  situated  at  the  two  ends  of  the  supporting  axis  and,  for  all  the 
work  to  date,  have  been  driven  at  27  revolutions  per  minute. 
The  dnmis  are  kept  flushed  with  water  so  that  the  finer  detritus  up 
to  the  size  of  coarse  sand  is  carried  out  and  collects  in  the  settling 
tubs. 
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The  cobbles  in  the  drums  roll  continuously  down  the  upgoing 
side  of  the  barrel,  practically  under  water,  at  its  rate  of  peripheral 
travel  (i  .84  miles  per  hour  or  44 .  16  miles  per  day). 

The  question  of  how  closely  the  rolling  of  cobbles  down  this 
incline  simulates  the  actual  travel  of  similar  materials  in  streams 
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Fig.  2. — Relation  of  rate  of  wear  to  size  of  cobble 

has  not  yet  been  carefully  investigated.  The  chief  difference, 
however,  will  be  a  constant  difference  in  rate  of  wear,  i.e.,  i  mile  in 
a  drum  equals  more  or  less  than  i  mile  in  the  stream,  and  will  not 
detract  from  its  value  in  making  comparative  studies. 

It  is  planned   later   to   make  experimental  studies  of  wear 
during  actual  transit  in  streams  imder  natural  conditions  and 
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thus  determine  a  factor  of  comparison  to  render  applicable  to  field 
interpretation  the  comparative  results  obtained  in  the  laboratory. 
I  hope  also  to  experiment  at  length  with  different  speeds  and 
different  kinds  of  motion  both  in  the  laboratory  and  in  the  field  m 
the  hope  of  throwing  some  light  on  the  various  shapes  of  cobbles 
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Fig.  3. — Relation  of  size  to  distance  traveled.    Ideal  history  of  cobble  starting 
at  178  grams  weight. 

thought  by  some  to  be  characteristic  of  river  deposits,  shore 
deposits,  etc.  The  following  are  data  on  some  of  the  relations 
mentioned  above. 

RESULTS  OBTAINED  AND  FUTURE   WORK  PLANNED 

I .  Relation  of  rate  of  wear  to  size  of  cobble. — ^I  have  taken  the  rate 

as     ----    where  W  =  initial  weight,  W = weight  after  test,  and  D = 
WL) 

distance  of  travel,  i.e.,  percentage  loss  per  mile  of  travel. 
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Figure  2  shows  the  plotted  average  of  85  measurements  of  rate 
with  cobbles  ranging  from  less  than  4  grams  to  185  grams.  The 
graph  shows  very  plainly  how  much  more  severe  the  wear  becomes 
as  any  given  piece  becomes  smaller.  This  is  probably  in  part  due 
to  the  increasing  ratio  of  surface  to  weight. 

Figure  3  shows  the  size  history  of  a  cobble  started  at  180 
grams.    The  rock  used  in  this  and  all  other  determinations,  unless 


ZOO  s^s  422  cm.       100 gms  3.3Scm,        50 gms  2,66cm. 
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2Sgms,ZJlem.  I0gms.lS4cm.    3gms.l04cm.      Jgm,72cm, 

FtG.  4. — Showing  sizes  of  ^heres  of  limestone  (density  2 .  65)  of  different  weights. 
Weights  in  grams  and  diameters  in  centimeters. 

otherwise  noted,  was  Niagara  limestone  from  the  outwash  gravel 
at  Cary,  Illinois.  It  will  be  noted  that  700  miles  of  travel  reduced 
the  cobbles  from  180  to  about  10  grams.  To  aid  in  visualizing 
these  sizes,  Figure  4  may  be  consulted. 

No  extensive  x:omparisons  have  yet  been  made  between  difFerent 
kinds  of  rock,  but  measurements  were  made  on  one  granite  cobble 
which  was  more  than  ten  times  as  resistant  as  the  Niagara  limestone, 
and  some  limestone  has  been  used  which  was  less  than  one-tenth  as 
durable,  so  that  there  is  known  to  be  more  than  one  hundred  fold 
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variation  in  rocks  of  different  sorts.  The  curve  of  size  history  would 
therefore  be  notably  different  in  the  scale  along  the  abscissa,  though 
the  form  would  be  similar  for  different  rocks. 

2.  Relation  of  wear  to  size  of  associated  cobbles, — ^Not  yet  studied. 
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Fig.  5. — Effect  of  amount  of  mixture  in  compartment  of  drum 

2,.  Relation  of  wear  to  number  of  associated  cobbles. — ^That  the 
total  amoimt  of  material  in  a  compartment  of  the  drum  was  a 
very  critical  factor  in  the  rate  of  wear  was  recognized  from  the  first, 
and  to  aid  in  interpreting  and  correcting  for  imavoidable  variations 
in  the  amoimt,  series  of  runs  were  made  with  varying  niunbers  of 
cobbles  in  the  drum  and  measurements  made  on  a  number  of  test 
pieces.    The  results  are  shown  in  Figure  5. 
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It  is  to  be  noted  that  severity  of  wear  is  nearly  proportional  to 
the  number  of  cobbles  up  to  a  certain  point  and  then  remains  at 
an  almost  constant  value.  This  point,  beyond  which  further 
additions  make  little  change  in  rate,  is  reached  when  the  cobbles 
are  roUing  close-packed  across  the  full  width  of  the  drum  and 
additional  cobbles  roll  down  on  top,  forming  a  second  layer. 
Future  work  will  advantageously  be  done  with  a  filling  equal  to  or 
greater  than  100X41. 7  grams  to  eliminate  to  a  large  extent  the 
critical  effect  of  small  changes  in  amount  of  mixture.  The  run 
shown  in  Figure  5  was  started  at  144  cobbles,  reduced  by  stages 
to  14  cobbles,  and  then  in- 
creased in  an  attempt  to 
duplicate  the  curve.  The 
form  is  nicely  duplicated, 
while  the  change  in  absolute 
value'  is  due  to  the  diminu- 
tion in  the  meantime  of  the 
test  pieces  and  their  conse- 
quent higher  rate  (see  Fig- 
ure 2) ;  therefore  the  greater 
ordinates  of  the  upper  and 
later  curve. 

4.  Relation  of  wear  to  an- 
gularity.— ^Not  yet  studied. 

5.  Relation  of  wear  to 
violence  of  motion, — Not  yet 
studied. 

6.  Relation  of  wear  to  kind  of  rock. — Not  yet  studied. 

7.  Relation  of  change  of  shape  to  distance  traveled. — In  stream- 
transported  materials  the  change  in  shape,  provided  the  rock  is 
homogeneous,  is  an  approach  to  sphericity.  In  studying  this 
change  in  shape  it  is  necessary  to  recognize  varying  degrees 
of  roundness,  in  other  words,  to  have  a  numerical  answer  to  the 
question  of  how  round  a  given  piece  is.  At  least  three  criteria 
of  roundness  readily  occur  to  one  in  considering  the  question. 
Thes^  are  (i)  the  ratio  of  surface  area  to  volume,  (2)  the  average 
deviation  of  diameters  from  a  mean  diameter,  (3)  the  average 


Fig.  6. — Gauge  used  in  measuring  curva- 
ture.   Figures  give  radii  in  millimeters. 
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deviation  of  convexities  from  a  mean  convexity.  Each  of  these 
values  or  coefficients  of  roimdness  reaches  a  minimum  in  the  case 
of  a  sphere  and  has  a  maximimi  in  the  case  of  a  line  or  a  plane 
without  volume. 

Considerable  computing  and  some  experimenting  was  done  to 
test  out  these  methods  for  the  definition  of  roundness.  None  was 
found  entirely  satisfactory,  especially  for  field  use.    In  order  to 
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Fig.  7. — Profiles  of  cobbles  showing  differing  degrees  of  roundness  and  giving 
values  of  R, 

be  of  use  in  the  field  study  of  a  deposit,  the  method  of  measure- 
ment should  be  simple  and  rapid  enough  to  permit  the  calibration 
of  one  or  two  hundred  cobbles  in  a  day's  time  and  to  allow  using 
the  average  of  the  results  to  characterize  the  deposit.  In  (i)  the 
measurement  of  surface  area  with  sufficient  accuracy,  while  not 
impossible,  was  too  laborious  to  use  with  more  than  one  or  two 
specimens.  Likewise  in  (2)  and  (3)  the  need  for  many  measure- 
ments of  diameters  and  convexities  rendered  them  liable  to  the 
same  objection.  The  method  of  plotting  different  kinds  of  diame- 
ters used  in  the  study  of  cube  rounding  reported  below  is  of  no 
value  for  various  general  shapes.    As  a  practical  solution  of  the 
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Fig.  8.-^Stage  i,  o  miles,  R—o 


Fig.  XI. — Stage  4,  a.i8  miles,  IS » .130 


Fig.  9. — Stage  2,  .31  miles,  IJ»  .053 


Fig.  12. — Stage  s,  s .  12  miles,  U=  .170 


Fig.  10. — Stage  3,  .91  miles,  R^  .096 


Fig.  13. — Stage  6,  14. i  miles,  U=  .250 
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Fio.  14.— Stage  7,  31 .5  miles,  iJ-  .400  Fio.  17.— Stage  10, 134  miles,  *=  .818 


Fig.  is.-Stage  8.  S4  S  miles,  R-  .550  p,,,    i8.-Stage  11, 159  miles.  «=  .838 


Fig.  16. — Stage  9,  94  miles,  R—  .810 


Fig.  19.— Stage  12,  189  miles,  R»  .848 
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Fig.  20. — Stage  13,  209  miles,  U=  .862 


problem,  I  have  used  the  ratio  of  the  radius  of  curvature  of  the 
most  convex  part  of  the  surface  to  half  of  the  longest  diameter 
through  that  point. 
This  radius  is  meas- 
ured with  a  gauge  such 
as  shown  in  Figure  6 
and  the  diameter  with 
a  caliber  or  usually 
with  a  scale  with  suffi- 
cient accuracy. 

Figure  7  shows  in 
profile  various  cobbles 
with  their  correspond- 
ing values  of  R. 

Figures  8-25  show 
the  history  of  four 
white  marble  cubes 
with  the  corresponding 
values  of  R,  It  will  be 
noted  that  the  four 
pieces  reached  a  maxi- 
mum roundness  of  .862 
at  an  average  weight  of 
3.29  grams  and  then 
systematically  became 
somewhat  less  round 
as  they  -decreased  in 
size. 

Figure  26  is  a  graph 
of  the  roundness  as  a 
function  of  the  distance 
traveled.  For  this 
curious  increase  in  an- 
gularity with  travel  I 
suggest  the  following 
interpretation:  For 
any  given  rock  there  is  Fig.  22.— Stage  15, 244  miles,  ^=  .826 


Fig.  21.— Stage  14,  223  miles,  R=  .838 
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Fig.  23.— Stage  16,  263  mUcs, !{» .823 


an  ellipsoid  of  equilibrium  for  wear  by  abrasion  toward  which  the 
cobble  approaches,  which  depends  on  the  hardness,  or  more  cor- 
rectly, durability  along 
various  axes. 

For  a  perfectly 
homogeneous  rock  this 
ellipsoid   is   a  ^here; 
for  a  non-homogeneous 
rock  it  is  an  ellipsoid 
of  greater  or  less  eccen- 
tricity as  the  case  may 
be  and  has  a  greater 
or  less  value  for  J{  in 
the  notation  here  used. 
Further,    and  this  is 
the  essential  point,  this 
ellipsoid  of  equilibrium 
is   of  diflFerent  eccen- 
'  tridty   for  different 
sizes,    more    eccentric 
for  smaller  sizes  than 
for  larger.     Thus  it  is 
conceived  that  at  3 .  29 
grams    the    marble 
cobbles  had  nearly  or 
quite  reached  the  ellip- 
soid of  durability  for 
that  size  and  from  then 
on  were  practically  fol- 
lowing the  equiUbrium 
figure  in  its  decreasing 
values  of  -R  as  the  sizes 
grew  less.    This  would 
mean  that  slight  varia- 
tions  in  durability 
between  different  direc- 
Fic.  js^— Stage  iS,  307  milts.  K=  797  tions  come  out  more 


FlG.  24.— Stage  17,  286  nulcs,  l^«  .808 
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notably  in  small  pebbles  than  in  large,  which  seems  reasonable. 
This  interpretation  is  put  forward  as  a  hypothesis  which  I  hope 
later  to  test  experimentally  in  considerable  detail. 


Fig.  26.— Graph  of  values  of  R  plotted  against  distance  for  the  series  illustrated 
in  Figures  8  to  25. 


Fig.  27. — Showing  convergence  of  diameters  of  cubes   rounded   by  cobbles 
averaging  70  grams  each. 

8.  Effect  of  kind  of  rock  on  rounding. — It  is  hoped  later  to  make 
studies  of  the  rounding  of  shaly  or  schistose  rocks  whose  ellipsoids  of 
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equilibrium  would  depart  notably  from  spheres,  but  nothing  has 
yet  been  done  along  this  line. 

9.  Effect  of  violence  of  motion  on  rounding. — ^Not  yet  studied. 

10.  Effect  of  kind  of  motion  on  rounding. — ^Not  yet  studied. 

11.  Effect  of  size  of  cobble  on  rounding. — ^Not  yet  studied. 

12.  Effect  of  size  of  associated  cobbles  on  rounding. — ^Figures  27 
and  28  show  the  influence  of  this  factor  and  indicate  that  large 
cobbles  are  much  more  effective  roimding  agents  than  those  con- 
siderably smaller  than  the  cobble  roimded,  as  shown  by  the  much 
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Fig.  28. — Showing  convergence  of  diameters  of  cubes  rounded  by  cobbles 
averaging  20  grams  each. 

slower  convergence  of  the  lines  in  the  latter  case.  It  will  be  noted 
that  the  corners  and  edges  lose  more  rapidly  at  first  (curves  concave 
upward)  while  the  sides  lose  more  rapidly  later  when  their  areas 
are  decreased  Hby  the  wear  of  comers  and  edges  (curve  convex 
upward).    Further  studies  of  this  factor  are  planned. 

13.  Effect  of  kind  of  rock  on  surface  texture. — ^Not  yet  studied. 

14.  Effect  of  violence  of  motion  on  surface  texture. — ^Not   yet 
studied. 

15.  Effect  of  kind  of  motion  on  surface  texture. — ^Not  yet  studied. 

16.  Effect  of  size  of  cobble  on  surface  texture. — ^Not  yet  studied. 

17.  Effect  of  size  of  associated  cobbles  on  surface  texture. — ^Not 
yet  studied. 
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In  Mr.  Wentworth's  article  in  the  Journal  of  Geology,  Volume 
XXVII,  pages  507-21,  a  number  of  figures  were  incomplete  and 
others  not  properly  arranged.  For  the  corresponding  figures 
please  substitute  the  following: 
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60        80       100 
Size  in  Grams 
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This  curve  is  under  the  following  conditions: 
Rock — ^Niagara  limestone 
Barrel  Vel.— 27  R.PJii. 
Barrel  Diam. — 24  inches 
Flushed  with  water 
Mixture — ^3,000  grams  in  6}-inch  compartment 

Fig.  2. — ^Relation  of  rate  of  wear  to  size  of  cobble 
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Fig.  3. — Relation  of  size  to  distance  traveled.    Ideal  history  of  cobble  starting 
at  178  grams'  weight. 


50  100  150 

Number  of  cobbles  in  mixture 
Average  weight =41 . 7  gms. 

Fig.  5. — Effect  of  amount  of  mixture  in  compartment  of  drum 
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ROUNDING  OF  CUBES 


300 


Fig.  26.~Graph  of  values  of  R  plotted  against  distance  for  the  series  illustrated 
in  Figures  8  to  25. 

r=  radius  of  curvature  of  most  convex  point 
d»  diameter  through  same  point 
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Revoludons  of  Barrel  (880  Rev.»i  Mfle) 

SOUNDING  OF  CUBES 

Fio.  27. — Showing  convergence  of  diametera  of  cubes  rounded  by  cobbles 
averaging  70  grams  each. 
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Revolution  of  Barrel  (880  Rev.»  i  Mile) 

ROUNDING  OF  CUBES 

Fig.  28. — Showing  convergence  of  diameters  of  cubes  rounded  by  cobbles 
averaging  20  grains  each. 
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It  is  hoped  that  by  a  study  of  the  crescentic  impact  scars  on 
some  compact  quartzites  and  other  rocks  an  approximate  quanti- 
tative measure  may  be  made  of  conditions  under  which  a  given 
deposit  was  transported  and  its  history  thereby  interpreted,  but 
no  detailed  study  has  been  made. 

CONCLUSION 

Experimental  studies,  physical  or  chemical,  are  of  little  value  to 
the  geologist  until  they  have  been  applied  to  actual  field  conditions. 
In  the  studies  described  and  planned  above  I  have  tried  to  keep  in 
mind  the  possible  field  applications  and  hope,  as  time  permits,  to 
point  out  by  field  studies  the  value  of  each  one  of  the  foregoing 
relations  in  throwing  further  light  on  the  past  history  of  the  earth. 
I  am  especially  desirous  of  receiving  opinions  on  the  method  of 
measuring  and  defining  roundness  described  and  used  in  (17) 
above,  and  will  appreciate  criticism  and  comment  on  any  other 
points  which  have  been  overlooked  or  are  subject  to  different 
interpretation. 
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INTRODUCTION 

Among  the  common  phenomena  of  nature,  springs  are  notable 
because  of  their  high  usefulness.  Since  the  earliest  times  the 
homes  of  men  have  clustered  aroimd  them.  In  arid  regions  their 
number  and  size  may  limit  the  population.  In  many  humid 
regions  springs  are  so  numerous  and  similar  that  distinctions 
between  them  are  not  recognized,  yet  they  may  be  caused  by  so 
many  principal  and  minor  factors  or  by  so  many  combinations  of 
these  factors  as  to  make  the  origin  of  any  one  spring  exceedingly 
complex  or  obscure.    An  interesting  accoimt  of  the  many  erroneous 

'  Published  by  permission  of  the  Director  of  the  U.S.  Geological  Survey.  The 
illustrations  were  prepared  by  the  Survey. 
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notions  held  by  the  ancients  regarding  the  origin  of  springs  can 
be  found  in  Paramelle.^  In  addition,  their  very  familiarity  has 
brought  about  an  indifference  which  has  led  the  average  inves- 
tigator to  pass  them  by.  Only  springs  with  imusual  character- 
istics have  been  thought  worth  study.  Elaborate  classifications 
have  been  suggested  for  so-called  mineral  springs — ^thSse  whose 
water  is  exceptional  because  of  gas  or  mineral  content — ^but  a 
complete  classification  of  all  springs  has  been  attempted  only  by 
Keilhack.*  His  classes  are  not  mutually  exclusive,  and  his  primary 
division  into  descending  {absteigende)  springs  and  ascending 
(aufsieigende)  springs  separates,  not  waters  of  unlike  origin,  but 
only  waters  that  have  unh'ke  paths  to  the  surface.  A  niunber  of 
authors  have  made  incomplete  classifications  for  the  springs  of  a 
limited  region  or  for  some  special  reason.  The  principles  involved 
and  the  names  used  have  been  helpful  in  preparing  this  classifica- 
tion. Such  classifications  may  be  found  in  the  works  of  Gregory, 
Meinzer,  Fuller,  and  Johnson,  cited  in  this  paper,  and  in  those  of 
Hill  and  Vaughan,^  Fournier,^  and  Kilian.^  References  to  many 
articles  on  springs  will  be  found  in  Meinzer's  bibliography  of 
ground  water .^ 

The  essential  factors  in  the  production  of  springs  are  the  source 
of  the  water  and  the  rock  structure  which  brings  it  to  the  surface, 

» M.  TAbb^  Paramelle,  L*art  de  decouvrir  les  sources y  ^\h  ed.  (Paris,  1896),  chap,  xi, 
pp.  64ff. 

'  K.  Keilhack,  Lehrhuch  der  Grundw<isser  und  QudUnkundey  Berlin,  191 2. 

*  R.  T.  Hill  and  T.  W.  Vaughan,  "Geology  of  Portions  of  the  Edwards  Plateau 
and  Rio  Grande  Plain  Adjacent  to  Austin  and  San  Antonio,  Texas,"  etc.,  U.S,  Geo- 
logical ^Survey,  Eighleenih  Annual  Report ,  Part  II  h. 

*  M.  £.  Foumier,  "Etude  sur  les  sources,  les  resurgences  et  les  nappes  aquiferes  \ 
^^    du  Jura  Franc  Comtois,"  Bull,  des  Services  de  la  Carte  Gid.  de  la  France,  tic.  J 

Tome  Xm  (1901-2),  No.  89,  pp.  1-55,  with  31  figs.  -^ 

M.  £.  Foumier,  "Etudes  sur  les  projets  d'alimentation,  le  captage,  la  recherche 

et  la  protection  des  eaux  potables,"  Bull,  des  Services  de  la  Carte  Giol.  de  la  France, 

etc.    Tome  XIV  (1902-3),  No.  94,  pp.  1-30,  i  fig. 

<W.  Kilian,  "Essai  d'une  monographie  hydrologique  des  environs  de  Gare6ult 

(Var),"  Bull,  de  Services  de  la  Carte  Giol.  de  la  France,  etc.    Tome  XVI  (1904-5), 

No.  Ill,  pp.  1-9  with 4 plates. 

*0.  E.  Meinzer,  "Bibliography  and  Index  of  the  Publications  of  the  United 

States  Geological  Survey  Relating  to  Ground  Water,"  U.S.  Geological  Survey,  Water- 
Supply  Paper  427,  19 18. 
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and  on  these  factors  the  classification  outlined  in  this  paper  has 
been  based.  Temperature,  dissolved  salts,  contained  gases,  rate 
and  amount  of  flow,  form  and  position  of  the  spring  opening  are 
all  characteristics  of  springs,  which,  while  in  many  cases  related 
to  genesis,  vary  among  springs  of  the  same  origin.  It  has  seemed 
best  to  first  divide  springs  into  two  groups  based  on  charac- 
ter of  the  water  and  make  further  subdivisions  on  structural 
groimds. 

In  the  use  of  this  classification  difficulties  will  arise  which  are 
of  two  types.  In  the  first  place,  the  local  structure  in  the  vicinity 
of  springs  is  difficult  to  determine,  for  the  presence  and  passage  of 
water  facilitates  weathering  and  destroys  the  evidence.  The 
presence  of  luxuriant  vegetation  also  tends  to  conceal  the  structure. 
Whatever  the  difficulties  of  determining  the  structural  relations 
and  origin  of  the  water  for  single  springs,  the  study  of  groups  of 
springs  will  usually  be  successful.  The  second  difficulty  arises 
through  various  combinations  of  structures  which  may  combine 
to  produce  a  spring.  The  structure  which  plays  the  predominating 
r61e  should  then  determine  the  classification  of  the  spring.  The 
common  sense  and  judgment  of  the  investigator  will  lead  him  to  the 
proper  decision,  but  his  labor  will  be  easier  if  he  remembers  that 
ground  water  moves  through  three  dimensions,  though  our  con- 
ventional methods  of  illustration  show  but  two.  Springs  of  diverse 
origin  may,  however,  have  peculiarities  so  remarkable  or  inter- 
esting as  to  justify  their  grouping  \mder  a  common  name.  The 
proposed  system  is  not  intended  to  supplant  the  use  of  such  descrip- 
tive terms  as  blowing  springs  and  thermal  springs,  but  to  provide 
a  series  of  terms  expressive  of  genesis  which  will  include  all  springs, 
particularly  those  now  called,  for  want  of  a  better  term,  "common 
springs." 
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DEFINITION  OF  THE  TERM  "SPRING" 
A  spring  is  a  place  where  water  issues  from  the  ground  and 
flows  or  where  it  lies  in  pools  that  are  continually  replenished  from 
below,  except  that  wholly  artificial  openings,  such  as  artesian  wells, 
are  not  regarded  as  springs.  Many  springs  have  been  modified 
by  structures  intended  to  increase  their  usefulness  to  man.  A  seep 
is  a  variety  of  spring  in  which  the  water  comes,  not  from  any 
definite  opening,  but  through  the  pores  of  the  ground  over  a 
considerable  area.  The  amoimt  of  water  yielded  by  most  seeps  is 
small.  Many  marshes  and  swamps  are  actually  seeps  on  a  large 
scale.  Large  ponds  or  lakes  that  are  supplied  with  water  through 
openings  in  their  beds  are  called  spring-fed  lakes.  A  series  of 
seeps  and  springs  may  occur  along  a  line,  which  is  then  called  a 
spring  line.  Many  local  names  are  used  for  springs,  such  as 
"water  hole,"  "citeega,"  and,  in  New  Mexico,  "ojo."  Names  like 
American  Water,  Bennet's  Wells,  Coyote  Holes,  and  Ojo  de  Gato 
applied  to  springs  show  characteristic  usage  in  the  arid  Southwest. 
The  conditions  and  processes  that  give  rise  to  springs  should  be 
distingmshed  from  those  that  bring  about  capillary  discharge  of 
ground  water.  The  water  of  springs  and  seeps  rises  under  pressure 
transmitted  through  the  water  as  it  lies  as  a  continuous  body  in  the 
voids  of  the  rock.  On  the  other  hand,  capillary  discharge  is  due 
to  molecular  attraction  between  the  soil  particles  and  the  water, 
acting  against  gravity.  It  takes  place  because  the  water  is  raised 
from  the  water  table  through  minute  openings  in  the  soil  by  the 
force  of  capillarity  and  evaporates  at  or  near  the  land  surface. 
No  water  is  released  except  by  evaporation  into  the  air,  whereas 
the  water  of  springs  and  seeps  forms  streams  and  pools  unless  the 
quantity  is  small  and  the  evaporation  excessive.  The  Umit  of 
depth  to  the  water  table  necessary  for  capillary  discharge  to  be 
eflFective  is  dependent  on  the  size  and  imiformity  of  the  soil  grains. 
The  limit  of  capillary  rise  for  most  soil  is  not  over  ten  feet.  Many 
areas  that  fulfil  these  conditions  are  large  and  well  defined— for 
example,  the  alkaline  flats  of  arid  basins. 

CHARACTERISTICS  OF  SPRINGS 
In  addition  to  the  rate  of  flow,  other  characteristics  or  peculiar- 
ities of  springs  have  given  rise  to  names  and  classes.     None  of 
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these  systems  of  classification  are  complete  enough  to  include  all 
springs,  nor  are  the  classes  established  even  mutually  exclusive. 
The  names  record  only  the  peculiarities  of  springs,  though  these 
peculiarities  may  and  many  of  them  do  arise  from  diverse  causes. 

Mineral  springs  are  those  which  yield  water  containing  in 
solution  (i)  imusual  amounts. of  mineral  matter,  or  (2)  some 
uncommon  or  especially  noticeable  mineral  matter.  In  distinction 
other  springs  are  called  "common  springs."  Ground  water  takes 
up  soluble  substances  from  the  rocks  through  which  it  flows.  In 
consequence  small  quantities  of  soluble  matter  near  the  point  of 
emergence  of  spring  water  are  very  effective  in  changing  its  com- 
position. Thus  mineral  content  is  at  best  an  xmcertain  guide  to 
the  origin  of  the  water  or  the  cause  of  the  spring.  Usage  also  is  not 
consistent.  Many  "mineral  springs"  yield  water  of  a  type  that 
is  common  in  adjacent  regions,  but  because  it  is  imusual  in  the 
immediate  neighborhood  they  are  distinguished  from  "common 
springs."  If  the  water  has  or  is  supposed  to  have  therapeutic 
value,  "mineral  springs"  are  often  called  "medicinal."  Mineral 
springs  are  classed  according  to  the  chemical  composition  of  the 
water,  and  one  of  the  most  elaborate  classifications  is  that  of  Peale.' 

Some  of  the  simpler  and  more  generally  used  terms  are  self- 
explanatory.  Saline  springs  contain  common  salt;  sulphur  springs 
contain  compounds  of  sulphur,  usually  hydrogen  sulphide;  chalyb- 
eate springs  contain  iron;  calcareous  or  lime  springs  contain  cal- 
cium carbonate;  gypsum  or  "gyp"  springs,  gypsum;  borax  springs, 
borax,  etc.  Oil  springs  contain  petroleum  suspended  in  drops  in 
the  water.  The  drops  of  oil  usually  rise  and  form  a  thin  iridescent 
film  on  the  surface  of  the  water.  Inflammable  gas  may  accompany 
the  oil  or  may  occur  alone  in  spring  water.  Such  spring  waters 
have  risen  through  or  near  beds  containing  petroleum  or  natural 
gas.  False  oil  springs  also  occur.  The  iridescent  fihn  in  these 
springs  is  due  to  iron  hydroxide,  which  at  one  stage  in  its  formation 
produces  the  film.  In  some  springs  an  oily  scimi  is  produced  by 
the  decomposition  of  plants  or  animals  buried  but  a  few  inches  or 
feet  below  the  spring  opening. 

'  A.  C.  Peale,  "The  Natural  Mineral  Waters  of  the  United  States,"  US.  Gtol, 
Survey f  FourteerUk  Annual  Report  (1894),  Part  II,  p.  66. 
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Springs  may  be  divided  according  to  temperature  into  thermal 
and  non-thermal  springs.  Most  non-thermal  springs  have  tem- 
peratures that  are  approximately  the  same  as  the  mean  annual 
temperature  of  the  air  of  the  region  in  which  they  are  found.  The 
division  between  thermal  and  non-thermal  waters  is  usually  fixed 
at  70®  F.,  but  20®  to  25®  above  the  mean  for  the  region  might  be 
preferable.  Thermal  springs  are  usually  called  "hot,"  but  those 
of  slightly  lower  temperature  are  sometimes  called  "warm."  Cold 
springs  have  temperatures  below  normal.  The  water  of  some  cold 
springs  is  derived  from  the  melting  of  ice  or  snow;  that  of  others, 
being  quickly  transferred  from  a  higher  to  a  lower  elevation  through 
open  channels,  retains  the  temperature  of  its  point  of  origin  on 
emergence. 

Boiling  springs  have  a  sandy  bottom,  through  which  the  water 
emerges  with  some  force.  The  sand  is  constantly  agitated  and 
appears  to  boU.  Bubbling  springs,  also  called  boiling  springs,  are 
due  to  the  emission  of  gas  or  vapor  with  the  water.  Certain  hot 
springs  actually  boil  in  the  ordinary  sense.  Usually  emission  of 
air  or  gases  gives  the  impression  of  ebullition.  Carbonated  springs, 
which  emit  carbon  dioxide,  are  the  most  common  bubbling  springs. 
Nitrogen,  hydrogen  sulphide,  sulphur  dioxide,  marsh  gas,  and  other 
gases  have  been  found  in  spring  waters.  Bubbling  is  produced 
aJso  by  the  emergence  of  water  from  a  well-defined  opening  under 
considerable  pressure  into  a  pool  of  water.  The  surface  of  the 
water  is  domed,  and  slight  fluctuations  in  volume  or  pressure  give 
a  bubbling  effect. 

Perennial  or  permanent  springs  flow  throughout  the  year. 
Intermittent  or  temporary  springs  flow  only  during  or  after  rain. 
Where  evaporation  is  high  the  flow  of  springs  is  much  decreased  or 
may  cease  during  the  warm  season.  Some  springs  flow  only  at 
night  because  of  a  very  delicate  adjustment  between  supply  of 
water  and  evaporation.  Periodic  springs  flow  at  full  strength  for 
long  or  short  periods,  which  are  not  closely  related  to  the  fluctua- 
tions in  rainfall.  The  periodic  action  is  dependent  on  the  exist- 
ence of  open  cavities.  Springs  here  classed  as  solution  tubular  or 
cavern  springs  are  most  likely  to  have  this  characteristic.  A 
cavity  is  drained  by  a  small  but  insufficient  outlet.    As  water 
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accumulates  it  may  finally  overflow  through  some  higher  opening 
and  give  rise  to  a  periodic  spring.  Extreme  periodicity  of  flow 
however,  is  attained  only  when  the  exit  tube  acts  ^  a  siphon  so 
as  to  drain  rapidly  the  wa^er  that  has  accimiulated  in  the  cavity 
during  a  considerable  time. 

Geysers  are  hot  springs  which  at  regular  or  irregular  intervals 
emit  a  stream  of  mingled  steam  and  hot  water.  The  vent  from 
which  eruption  takes  place  usually  lies  at  the  bottom  of  a  pool  of 
clear  water,  situated  at  the  top  of  a  conical  mound  of  siliceous 
sinter.  The  sinter  is  deposited  from  the  water  in  successive  sheets 
of  gelatinous  silica,  through  the  aid  of  living  algae. 

The  geyser  consists  of  a  tube  of  hot  water  extending  into  the 
ground.  The  temperature  of  the  water  at  the  surface  is  about 
212®  F.,  but  that  of  the  water  below  the  surface  exceeds  the  normal 
boiling-point  of  water.  The  water  in  the  lower  part  of  the  tube  is 
prevented  from  boiling  by  the  pressure  of  the  overlying  colunm. 
When  the  temperature  at  any  point  in  the  tube  exceeds  the  boiling 
point  for  that  depth,  steam  is  formed.  The  expansion  and  rise  of 
steam  bubbles  cause  the  water  to  overflow  at  the  top.  The  conse- 
quent relief  of  pressure  throughout  the  column  of  water  causes 
instantaneous  formation  of  steam  from  the  superheated  water. 
The  result  is  an  eruption.  Of  the  water  thrown  out,  part  is  lost 
and  part  returns  to  the  tube.  The  next  eruption  occurs  after 
the  acamiulation  of  sufficient  water  and  an  adequate  rise  in 
temperature.* 

The  three  known  geyser  regions  of  the  world  are  in  New  2^aland, 
Iceland,  and  Yellowstone  Park,  in  each  of  which  the  geysers  are 
associated  with  active  or  relatively  recent  volcanism.  The  heat 
may  be  attributed  with  certainty  to  still  uncooled  igneous  rock. 
The  water,  however,  may  have  either  a  deep-seated  or  a  shallow 
origin."  Geyser  action  is  not  dependent  on  the  origin  of  the  water 
but  on  the  existence  of  proper  channels  and  the  requisite  tempera- 
tures.   It  seems  likely  that  the  presence  of  silica  in  splutioi^  is 

'  Bunsen  and  Descloiseaux,  Compt.  Rend.,  XXIII  (1846),  934,  and  other  papers 
quoted  by  Archibald  Geikie,  Textbook  of  Geology  (New  York,  1902),  p.  405;  abo 
W.  H.  Hobbs,  Earth  Features  and  Their  Meaning  (New  York,  191a),  p.  193. 

» Arnold  Hague,  "The  Origin  of  the  Thermal  Springs  in  the  Yellowstone  National 
Park,"  Geol.  Soc.  America  Bull.,  XXII  (191 1),  103-22. 
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essential  to  the  formation  of  the  tubes.  Certainly  the  waters  of 
all  known  geysers  carry  silica  in  solution  in  relatively  large  amounts.* 

Ebbing  and  flowing  springs  occur  along  the  seacoast.  During 
high  tide  the  sea  water  acts  as  a  dam  for.  the  ground  water  and 
causes  it  to  flow  inland  and  at  higher  levels  as  springs.  At  low 
tide  the  ground-water  level  falls  and  the  springs  are  reduced  in 
volume  or  dry  up.  On  this  accoimt  the  flow  of  springs  adjacent  to 
the  shore  fluctuates  with  the  tide  and  may  even  cease  at  low  tide 
except  close  to  the  shore,  where  some  springs  flow  only  at  low  tide. 
Rise  and  fall  of  water  level  due  to  the  same  cause  have  been 
.  noticed  in  wells." 

Blowing  or  breathing  springs  and  wells  are  characterized  by  the 
emission  of  air,  often  accompanied  by  a  tnralpeting  sound.  They 
appear  to  be  due  to  two  causes:  (i)  rise  of  the  water  table,  which 
causes  the  expulsion  of  air  from  cracks  and  pores  of  the  rock;^ 
(2)  decrease  in  barometric  pressure,  which  causes  a  similar  move- 
ment.^ The  rise  of  water  brings  about  blowing  at  relatively  long 
and  irregular  intervals,  but  low  air  pressure  recurs  in  short  cycles. 

Mound  and  knoll  springs  occur  in  arid  climates.  The  water 
emerges  at  or  near  the  top  of  a  moimd  which  has  been  built  up  by 
the  accumulation  of  wind-blown  sand  and  dust  in  the  belt  of 
vegetation  surrounding  the  spring.  The  height  of  the  moimd  is 
limited  by  the  height  to  which  the  water  can  rise,  for  any  acomiula- 
tion  of  sand  that  is  not  moist  is  easily  removed  because  it  cannot 
supp>ort  the  protective  vegetation.  When  the  water  can  rise  no 
higher,  the  process  which  builds  the  moimd  tends  to  ceil  it  over. 
If  the  water  then  finds  a  new  and  lower  outlet,  the  moimd  is 
drained  and  subjected  to  erosion,  especially  by  wind*    Moimd 

« F.  W.  Clarke,  "The  Data  of  Geochemistry,"  3d  ed.,  U,S,  GeoL  Survey ^  Bull.  616 
(1916),  p.  196. 

» A.  C.  Veatch,  "  Fluctuations  of  the  Water  Level  in  Wells,  with  Special  Reference 
to  Long  Island,  N.  Y.,"  US,  Geol.  Survey,  Water-Supply  Paper  155  (1906),  pp.  10  ff., 
63-69.    H.  B.  Woodward,  Tke  Geology  of  Water  Supply  (London,  19 10),  p.  90. 

»H.  B.  Woodward,  op,  cU,,  pp.  87-88. 

<A.  Strahan,  "The  Movement  of  Air  in  Fissures  and  the  Barometer,"  Nature, 
Feb.  IS,  1883,  p.  375,  quoted  by  Woodward.  A.  C.  Veatch,  op.  cit.;  C.  W.  Hall, 
0.  E.  Meinzer,  and  M.  L.  Fuller,  "Geqlogy  and  Underground  Waters  of  Southern 
Minnesota,"  U.S.  Geol.  Survey,  Water-Supply  Paper  s^6  (191 1),  p.  90. 
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springs  are  found  in  many  arid  countries  in  places  where  water 
emerges  imder  pressure.  Good  examples  occur  in  the  Tularosa 
Basin  in  New  Mexico/ 

Pool  springs  have  krge,  deep  orifices  filled  with  clear  water. 
The  pool  is  surroimded  and  partly  covered  with  a  shelf  of  fine  earth 
supported  by  a  network  of  vegetable  fibers.  The  shelf  is  formed, 
like  mounds,  by  the  growth  of  vegetation  and  the  filling  of  the 
ensuing  tangle  with  wind-blown  sand  and  dust.  The  two  types 
occur  in  adjacent  springs  of  the  Fish  Springs  region,  Utah,  as 
described  by  Meinzer.'     (See  also  p.  535  and  Fig.  3.) 

Many  springs  deposit  abound  their  mouths  mineral  matter  that 
is  carried  in  solution  by  the  water.  Calcium  carbonate  and  silica 
are  the  most  common  minerals  of  spring  deposits.  Mounds,  plat- 
forms, and  ridges  of  considerable  size  are  thtis  formed. 

Mud  volcanoes — ^low  conical  moimds  having  a  crater  at  the 
top  through  which  the  water  rises — are  built  up  when  water 
containing  clay  or  fine  sand  rises  to  the  surface  under  pressure.  As 
the  water  spreads  out  of  the  vent  it  loses  velocity  and  therefore 
deposits  the  matter  it  had  carried -in  suspension.  Such  deposits 
are  made  by  the  temporary  springs  formed  along  fissures  in  imcon- 
solidated  rocks  during  earthquakes.^  The  emission  of  volcanic 
steam  and  gas  through  beds  of  tuff  produces  the  same  topographic 
form.  "Salses,"  "air  volcanoes,"  and  "macculutos"  are  names 
applied  to  such  springs  in  different  parts  of  the  world.  In  many  of 
these  springs  the  gases  appear  to  be  due  to  chemical  changes  in  the 
earth,  rather  than  to  volcanism.^ 

SPRING  WATER 

The  waters  which  circulate  in  the  groimd  may  be  roughly- 
divided  into  two  types:  (i)  deep-seated  waters,  and  (2)  shallow 
waters.    The  shallow  waters  are  derived  largely  from  precipitation 

'  O.  £.  Meinzer,  "  Geology  and  Water  Resources  of  Tularosa  Basin,  New  Mexico, 
U.S.  Geol  Survey,  WaUr-Supply  Paper  343  (1915),  P-  S^. 

*0.  E.  Meinzer,  "Ground  Water  in  Juab,  Millard,  and  Iron  Counties,  Utah, 
U.S.  Geol.  Survey,  Water-Supply  Paper  277  (191 1),  pp.  44-45- 

iC.  E.  Dutton,  "The  Charleston  Earthquake  of  August  31,  1886,"  U.S.  Geol. 
Survey,  Ninth  Annual  Report  (1889),  pp.  28-284,  Plate  XX. 

*  Archibald  Geikie,  Textbook  of  Geology  (New  York,  1902),  p.  407. 
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at  the  surface  and  move  through  openings,  which  are  generally 
supercapillary  in  size.  Their  movement  is  due  to  gravitative 
pressure  transmitted  through  a  continuous  body  of  water,  lying 
in  the  pore  spaces  and  fractures  of  the  rocks,  i.e.,  by  hydrostatic 
head.  Since  both  kinds  of  openings  decrease  rapidly  in  number 
and  size  below  1,500  feet,  these  waters  are  limited  in  amount  below 
that  depth.  Deep-seated  waters  have  a  complex  origin.  They 
doubtless  include  water  derived  by  absorption  from  the  surface, 
water  entrapped  in  sedimentary  rocks  at  the  time  of  their  deposi- 
tion, and  water  expelled  during  the  crystallization  of  igneous  rocks. 
It  is  believed  that  these  waters  do  not  move  because  of  hydrostatic 
head,  that  is,  that  they  are  not  connected  with  any  overlying  and 
connecting  body  of  water,  but  that  flow  is  the  result  of  other  agencies 
operative  deep  within  the  earth. 

Evidence  that  a  spring  water  has  a  deep  origin  may  be  positive 
or  negative.  Thus  the  water  of  a  spring  that  has  a  strong  uniform 
flow  not  subject  to  seasonal  changes  and  a  high  temperature 
probably  has  a  deep-seated  origin.  The  minimum  depth  from 
which  the  water  may  come  can  be  roughly  estimated  from  the 
temperature  of  the  water,  on  the  assumption  that  there  is  i**  F. 
increase  in  temperature  for  every  60  to  100  feet  of  increase  in  depth. 
In  volcanic  regions,  however,  the  increase  may  be  more  rapid. 

The  presence  of  important  breaks  in  the  earth's  crust  or  of  other 
structures  along  which  water  could  rise  furnishes  additional  positive 
evidence.  Negative  evidence  is  usually  easier  to  obtain  and  con- 
sists of  the  absence  of  any  structure  which  could  lead  the  water 
from  the  surface  to  the  necessary  depth  and  then  return  the  water 
again  to  the  surface. 

CLASSIFICATION 
I.      SPRINGS  DUE   TO  DEEP-SEATED   WATER 

Springs  due  to  deep-seated  water  may  be  divided  into  two 
classes,  according  to  their  geographic  distribution,  with  respect 
to  localities  of  volcanic  or  tectonic  disturbance.  Their  relations 
to  the  structmre  of  the  upper  part  of  the  earth's  crust  and  the  prob- 
able character  of  the  fissures  in  the  zones  of  fracture  which  permit 
the  water  to  rise  are  shown  diagrammatically  in  Figure  i.    In  this 
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figure,  no  attempt  has  been  made  to  show  the  complicated  and 
closely  spaced  fractures  of  the  upper  part  of  the  crust.  Only 
persistent  fissures  reach  the  surface,  the  others  merge  into  the 
maze  of  minor  fractures  and  joints. 

Volcanic  springs  are  associated  with  present  or  past  volcanism. 
This  direct  association  implies  that  they  have  then:  origin  either  in 
water  expelled  from  the  imderlying  magma  or  in  surface  water 
that  has  come  into  contact  with  highly  heated  rocks  and  has 
acquired  definite  characteristics  from  this  association.  In  general 
such  springs  have  strong  and  relatively  constant  flows  and  are  highly 


Volcanic  spnngs       Fault  spring 


Fissure  spring 


Fig.  i.-7-Diagram  illustrating  springs  due  to  deep-seated  water 

mineralized,  and  many  are  gaseous.  Some  of  them  have  very  high 
temperatures  and  cannot  be  sharply  divided  from  volcanic  vents 
emitting  steam  and  gases — fumaroles,  solfataras,  and  mofettes. 
Others  have  relatively  low  temperatures,  and  many  contain 
carbon  dioxide  gas.  It  is  generally  difficult  or  impossible  to  dis- 
tinguish the  latter  from  springs  of  non-volcanic  origin.  The 
peculiar  phenomenon  called  geyser  action  characterizes  some  hot 
volcanic  springs.  A  typical  group  of  volcanic  springs  without 
geyser  action  lie  on  the  south  flank  of  Lassen  Peak,  in  California 
(Fig.  2). 

The  other  group  of  springs  due  to  deep-seated  water  may  be 
termed  fissure  springs.    In  general  they  have  a  strong  and  constant 
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flow,  not  subject  to  annual  fluctuations.  They  are  usually  warm 
or  hot,  and  many  are  highly  mineralized.  They  appear  to  rise 
along  deep  fractures  extending  far  into  the  crust  of  the  earth.  The 
fractures  are  similar  to  those  in  which  were  formed  the  veins  now 
f  ovmd  in  mining  operations.  Doubtless  the  wafers  that  deposited 
veins  in  many  places  reached  the  surface  as  springs. 

Certain  fissure  springs  lie  along  de^te  lines,  and  these  lines 
are  known  to  be  recent  faults  involving  earth  blocks  of  great  depth. 


Fig.  2. — Sketch  map  of  Lassen  Peak  region,  California 

Faulting  appears  to  produce  the  fractures  which  allow  these  deep 
waters  to  rise  and  carry  the  temperatures  of  the  deeper  crust  to 
the  surface.  Such  springs  may  be  called  fault  springs.  The 
thermal  springs  east  of  the  Fish  Springs  Range,  in  Juab  County, 
Utah,  are  a  classic  example  of  springs  of  this  type  (Fig.  3).  The 
Fish  Springs  Range  is  the  result  of  block  faulting.  The  range  has 
a  distinct  tilt  to  the  west  and  the  fault  runs  along  the  eastern  flank. 
Very  recent  faulting  is  shown  by  a  fresh  fault  scarp  in  the  alluviimi 
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Fig.  3. — Sketch  map  of  Fish  Springs  Range,  Utah 
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near  Fish  Springs.'  Four  groups  of  springs  lie  east  of  the  range. 
Hot  Springs,  Big  Springs,  and  the  Fish  Springs  are  on  a  curving 
line  close  to  the  mountains.  They  have  a  steady  flow  of  somewhat 
mineralized  water,  and  their  temperatures  are  between  78°  and 
104**  F.  Cane  Spring  lies  7  miles  south  of  the  Fish  Springs  group, 
at  the  base  of  the  alluvial  slope.  It  consists  of  a  number  of  seeps 
of  highly  mineralized  water.  Up  the  slope  to  the  west  is  the 
Devil's  Hole,  a  pool  of  water  about  10  or  15  feet  below  the 
surface.  The  form  of  the  pool  is  similar  to  those  of  the  Fish 
Springs  group." 

Hot  Springs,  Big  Spring,  and  the  Fish  Springs  are  too  close  to 
the  mountain  front  to  receive  much  water  from  the  alluvium. 
Their  steady  flow  and  mineralized  water  imply  a  deep-seated 
source,  and  the  recent  fault  with  which  they  are  associated  is  quite 
certainly  the  channel  along  which  they  rise.  The  Cane  Spring 
has  the  situation  of  ordinary  border  springs,  but  the  character  of 
its  mineralization  and  its  large  volume  suggests  that  part  of  the 
water  is  derived  from  the  now  buried  southern  extension  of  the 
same  fault.  The  Devil's  Hole  may  be  the  last  survivor  of  a  group 
of  fault  springs  whose  water  has  been  diverted  into  the  alluvium 
and  rises  along  the  edge  of  the  flat  in  Cane  Spring. 

On  the  other  hand,  there  are  fissure  springs  for  whose  origin 
there  is  no  structural  evidence.  They  are  believed  to  have,  a  deep 
origin  because  they  are  not  associated  witli  any  surface  structure 
that  would  warrant  so  strong  a  flow  of  water  and  because  of  their 
heated  or  mineralized  condition.  Of  98  groups  of  hot  springs  in 
Califomia,  36  occur  in  granitic  rocks.^  Some  of  these  are  fault 
springs,  but  others  are  not  directly  associated  with  known  faults 
and  can  be  accoimted  for  only  on  the  supposition  that  they  rise 
along  open  fractures  or  fissures  that  extend  into  and  draw  water 
from  the  deeper  parts  of  the  earth's  crust. 

«G.  K.  Gilbert,  "Lake  Bonneville,"  U,S.  GeoL  Survey,  Monograph  I  (1890), 
p.  353- 

•O.  E.  Meinzer,  "Ground  Water  in  Juab,  Millard,  and  Iron  Counties,  Utah," 
U^.  Geol,  Survey,  Water-Supply  Paper  277  (191 1),  pp.  43-45, 124-26. 

» G.  A.  Waring,  "Springs  of  Califomia,"  VJS.  Geol,  Survey,  Water-Supply  Paper 
33S  (1915),  p.  154. 
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n.      SPRINGS  DUE  TO  SHALLOW  WATER 

The  pore  spaces  of  the  upper  crust  of  the  earth  are  filled  with 
water  below  a  certain  level  called  the  water  table.  This  zone  of 
saturation  generally  has  an  indefinite  extension  downward,  but  in 
relatively  few  deep  wells  is  much  water  encountered  below  1,500 
feet.  Springs  due  to  these  relatively  shallow  waters  may  be  divided 
into  four  large  groups,  according  to  the  character  of  the  rock  in 
which  they  occur:  (i)  springs  in  porous  rock;  (2)  springs  in  porous 
rock  overlying  impervious  rock;  (3)  springs  in  porous  rock  between 
impervious  rock;  (4)  springs  in  impervious  rock. 

A.      SPRINGS  IN  POROTJS  ROCK  (DEPRESSION  SPRINGS) 

Springs  in  porous  rock  are  formed  where  the  water  table  or  upper 
surface  of  the  zone  of  saturation  reaches  the  surface  of  the  groimd. 
Because  they  are  due  to  the  depression  of  the  land  surface  down 
to  or  below  the  water  table,  the  group  may  be  called  depression 
springs.  They  are  springs  whose  flow  is  rather  gentle  or  pools  of 
water  that  are  continually  replenished  from  below.  Many  are 
seeps  or,  if  extensive,  swamps.  They  may  be  divided  according 
to  topographic  position  into  four  classes,  as  described  in  the  fol- 
lowing paragraphs: 

Dimple  springs  are  due  to  depressions  in  hillsides  which  permit 
the  land  surface  to  cut  the  water  table  (Fig.  4  a).  Such  depres- 
sions or  dimples  in  a  sloping  surface  may  arise  through  erosion  by 
water  or  wind,  through  slumping  and  landslides,  through  the 
overturning  of  trees,  or  through  the  operations  of  burrowing 
animals,  and  many  are  enlarged  and  deepened  by  the  trampling  of 
larger  animals. 

Valley  springs  are  due  to  the  abrupt  change  in  slope  at  the  line 
between  the  bounding  valley  walls  and  the  edge  of  a  flood  plidn 
(Fig.  4  6).  Along  this  line  the  water  table  may  reach  the  surface 
and  form  seeps  or  springs.  Gullies  or  low  spots  between  adjacent 
small  alluvial  fans  may  determine  the  point  of  emergence.  Various 
causes  may  enlarge  these  depressions  or  may  concentrate  the  flow 
of  the  water  at  specific  places,  as  in  the  dimple  springs. 

Channel  springs  are  due  to  depressions  in  flood  plains  or  allmial 
plains  caused  by  the  channel  cutting  of  streams  (Fig.  4  c).    They 
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thus  include  all  sorts  of  side  channels,  abandoned  channels,  oxbow 
lakes,  sloughs,  and  water  holes.  Springs  of  this  type  are  exceed- 
ingly valuable  in  arid  regions.  They  are  frequently  made, 
destroyed,  and  remade  by  streams  that  carry  large  quantities  of 
sediment. 


A.  Oimpit  spring 


^i^^^^^t^-^: 

a  VaNty  spring 


D.  Bordsr  spring 

Fig.  4. — Diagram  illustrating  four  classes  of  depression  springs:  a,  dimple 
springs;  h,  valley  brings;  c,  channel  springs;  d,  border  springs.     • 

Border  springs  are  due  to  the  change  in  gradient  at  the  line 
between  the  alluvial  slopes  and  central  flat  of  a  desert  basin  (Fig. 
4^0.  Such  alluvial  slopes  extend  from  the  mountains  with  a 
gradually  decreasing  gradient.  This  decreasing  slope  finally  merges 
with  a  central  imdrained  flat  or  with  the  river  bottom  of  a  through- 
flowing  stream.  Around  the  edges  of  such  a  flat  or  the  river 
bottom  of  a  through-flowing  stream  is  a  line  of  springs  and  seeps. 
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Ground  water  is  brought  to  the  surface  primarily  by  the  change  in 
slope,  but  the  dense  silts  and  clays  of  the  center  of  the  basin  tend 
to  act  as  a  dam  to  prevent  further  movement  down  the  slope. 
Thus  by  their  presence  they  assist  the  water  to  rise  and  may 
determine  the  exact  location  of  certain  springs.  Such  border 
springs  are  common  in  the  intermontane  valleys  or  bolsons  of  the 
western  United  States.  Those  of  the  Big  Smoky  Valley,  Nevada, 
are  shown  in  Figure  5  and  have  been  ciiescribed'  as  follows: 

The  main  west-side  spring  line  of  the  upper  valley  extends,  with  a 
sinuous  course  due  to  the  different  sizes  of  alluvial  fans,  from  the  Vigus 
ranch  to  Wood's  ranch,  a  distance  of  more  than  30  miles,  and  includes 
innumerable  springs  that  discharge  a  part  of  the  cc^ious  underground  simply 
received  from  the  Toyabe  Range.  On  the  east  side  of  the  upper  valley  there 
is  no  spring  line  comparable  to  that  on  the  west  side,  probably  because  the 
supply  from  the  Toquima  Range  is  smaller  than  that  from  the  Toyabe  Range, 
but  numerous  springs  similar  to  those  on  the  west  side  are  found  for  a 
distance  of  3  miles  in  the  vicinity  of  the  Chamock  ranch. 

Concerning  the  Darrough  Hot  Springs,  which  lie  along  this 
same  line,  Meinzer'  says: 

The  water  issues  from  bowldery  fill,  but  probably  comes  originally  from 
the  underlying  rock,  the  heat  being  due  either  to  igneous  intrusion  or  to 
faulting  that  opened  deep  fissiues,  or  to  both  causes.  Less  than  100  feet  from 
the  main  hot  spring  and  at  a  level  a  few  feet  higher  there  is  a  small  spring 
that  issues  at  a  temperature  of  only  60^  F.,  which  is  aliiiost  the  normal 
temperature  for  this  region. 

b.    springs  in  pokotjs  rock  overlying  diperviotjs  rock 
(contact  springs) 

Where  porous  rock  overlies  impervious  material  the  water  that 
accumulates  in  the  porous  rock  is  forced  to  the  surface  at  the 
contact.  Springs  so  formed  may  therefore  be  called  contact 
springs.  The  form  and  attitude  of  the  surface  of  the  imderlying 
impervious  material  divides  them  into  three  general  types.  In  one 
the  surface  is  regular  and  horizontal,  in  another  the  surface  is 
regular  but  inclined,  and  in  the  third  the  surface  is  irregular. 

*0.  E.  Meinzer,  "Geology  and  Water  Resources  of  Big  Smoky,  Clayton,  and 
Alkali  Spring  Valleys,  Nevada,"  US.  Gtol.  Survey,  Water-Supply  Paper  423  (1917), 
pp.  86,  87,  Plate  II. 

•  Ibid.,  p.  89. 
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Fig.  5.— Map  of  the  upper  Big  Smoky  Valley,  Nevada,  showing  border  springs. 
(After  Meinzer.) 
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I.  Springs  at  the  outcrop  of  a  horizontal  surface. — ^Where  the 
impervious  rock  has  a  horizontal  and  regular  surface  of  large  extent 
the  rock  is  usually  a  member  of  the  sedimentary  series  of  which  the 
overlying  porous  material  is  a  part.  Exceptions,  however,  occur 
where  the  porous  material  is  a  surficial  deposit  but  is  so  regular  in 
its  thickness  as  to  give  a  similar  result,  or  where  it  is  of  volcanic 
origin.    There  are  three  classes  of  these  springs. 


C.  HardpM  spring 


Fig.  6. — Diagram  illustrating  three  classes  of  contact  springs  with  underlying 
bed  regular  and  horizontal:  a,  gravity  springs;  h,  mesa  springs;  c,  hardpan  springs. 

Gravity  springs  are  those  which  issue  at  the  contact  of  a  soft 
and  previous  bed  with  an  tmderlying  impervious  bed  (Fig.  6  a). 
The  term  has  been  used  by  Fuller*  and  others.  As  all  springs  of  the 
shallow-water  type  are  due  to  gravity,  this  term  has  only  the  merit 
of  usage.  Good  examples  are  Camp  Grounds  Spring,  Crab  Tree 
Spring,  and  others  east  of  Austin,  Arkansas.  These  springs  occur 
aroimd  the  edges  of  the  sand-hill  area,  a  ridge  of  Tertiary  rocks  on 
the  border  of  the  Mississippi  embayment  (Fig.  7).    Here  a  thin 

«M.  L.  Fuller,  "Underground  Waters  for  Farm  Use,"  U^.  Geol.  Survey,  Waler- 
Supply  Paper  25$  (1910),  p.  22. 
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sandstone  and  sandy  clay  overlie  clay.  Water  that  collects  in  the 
sandy  beds  emerges  in  a  series  of  springs  at  the  contact  with  the 
underlying  clay,  slightly  above  the  level  of  the  adjacent  flood  plain 
of  the  Mississippi/ 

Mesa  springs  are  those 
due  to  an  overlying  ma-  ^<-:^s^3p:^&w^ 

terial  which  is  hard  and  vf^:?^:^^;^^ 

forms  a  chflf  (Fig.  6  b).      ^^^^g^^ggg^-f-^^^Bgg^^^ 
In  this   class  the   over-      ^J^=i^^^SS=S^^F3.=^^^^^^:^^^^^^w 

lying    material     is    com-  Fig.  y.-Cross-section  from  Austin  to  Hickory 

monly     a     sandstone,      Plains,    Arkansas,    illustrating  gravity  springs. 
though  it  may  be  a  po-      (After  Purdue.) 
rous    and   jointed    lava 

flow.  Along  the  east  side  of  Chuska  Mountain,  New  Mexico,  in 
the  Navajo  country,  at  an  elevation  of  8,200  feet,  a  rough-floored 
terrace  extends  for  several  miles  (Fig.  8).  Above  the  shale  which 
floors  the  terrace  a  cliff  of  horizontal  Chuska  sandstone  rises  200 
to  SCO  feet.  At  the  foot  of  the  cliff  are  more  than  thirty  springs." 
If  the  imderlying  bed  is  of  small  extent  but  impervious,  it  will 
force  water  contained  in  overlying  porous  material  to  the  surface. 
In  many  places  such  water  lies  far  above  the  ordinary  water  table 
and  constitutes  what  is  called  a  perched  water  table.^  Such 
conditions  are  fairly  common  in  unconsolidated  alluviiun.  The 
impervious  bed  is  usually  clay,  cemented  gravel,  a  "mortar  bed," 
or  a  layer  of  *caliche  or  hardpan.  As  in  popular  usage  all  these 
materials  are  known  as  hardpan,  springs  causfed  by  them  may  be 
called  hardpan  springs  (Fig.  6c)\  The  older  alluvium  of  the 
Sacramento  Valley  is  generally  underlain  by  a  bed  of  reddish  hard- 
pan  about  two  feet  below  the  surface.  During  and  after  rains  water 
seeps  to  the  surface  at  the  contact  of  the  hardpan  with  the  over- 
l3dng  soil,  forming  temporary  springs.    A  few  springs  of  this  class 

'A.  H.  Purdue,  "Water  Resources  of  the  Contact  Region  between  the  Paleozoic 
and  Mississippi  Embayment  Deposits  in  Northern  Arkansas/'  U.S.  Geol.  Survey, 
Water-Supply  Paper  145  (1905),  pp.  93,  ii^. 

*  H.  E.  Gregory,  "The  Navajo  Country,"  US.  Geol.  Survey,  Wattr-Supply  Paper 
j8o  (1916),  pp.  140-41. 

*  A.  C.  Veatch,  "Underground  Water  Resources  of  Long  Island,  N.Y.,"  U.S. 
Geol,  Survey,  Prof.  Paper  44  (1906),  p.  57. 
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near  Corning,  California,  in  places  where  the  soil  above  the  hardpan 
is  thick  and  continuous  enough  to  form  a  reservoir,  are  permanent. 
2.  Springs  at  the  outcrop  of  an  inclined  surface. — If  the  under- 
lying impervious  bed  has  a  regular  but  inclined  surface,  all  the 


Fig.  8. — Diagram  illustrating  the  conditions  producing  springs  on  the  east  flank 
of  Chuska  Mountain,  New  Mexico.     (From  Gregory.) 


X^.  Inclined  h«rdpan  spring 


*  'Fig. /p. — Diagram  illustrating  three  classes  of  contact  springs  with  underl>'ing 
bed  regular  and  inclined:  a,  inclined  gravity  springs;  6,  cuesta  springs;  c,  inclined 
hardpan  springs. 

springs  will  occur  at  the  outcrop  of  the  contact  on  the  low  side, 
unless  the  overlying  bed  is  very  thick  and  the  dip  of  the  rocks  slight. 
In  general,  where  the  underlying  bed  is  of  large  extent,  these 
conditions  exist  in  sedimentary  rocks.     Springs  of  this  kind  are 
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divided  into  two  classes,  one  in  which  the  overlying  material  is  soft 
and  the  other  in  which  it  is  hard.  Those  of  the  first  class  may  be 
called  inclined  gravity  springs  (Fig.  9  a)  and  those  of  the  second 
cuesta  springs,  after  the  topographic  feature  analogous  to  a  mesa 
(Fig.  9  b).  Large  springs  of  the  inclined  gravity  type  occur  near 
Baden-Baden,  Germany  (Fig.  10).  At  this  place  the  lower  and 
middle  Buntsandstein,  both  porous  and  water-bearing,  rest  on  the 
smooth  erosion  surface  of  the  granite.  The  sandstone  has  been 
tilted  and  eroded  into  isolated  patches.  Numerous  springs  issue 
along  the  contact  of  the  sandstone  and  the  granite  on  the  lower  side 
of  these  erosion  remnants.  A  few  springs  occur  in  the  taltis  slopes 
and  on  the  higher  contacts.* 

Good  examples  of  cuesta  springs  are  those  which  arise  at  the 
contact  of  basaltic  lava  and  shales  of  Tertiary  age  along  the  western 
flank  of  South  Table  Mountain,  north  of  Oroville,  California.  The 
lava  is  sufficiently  jointed  and  porous  to  collect  water,  which  nms. 
down  the  dip  of  the  contact  and  emerges  along  the  western  and 
lower  face  of  the  cuesta. 

If  the  underljdng  bed  is  of  small  extent,  springs  can  only  occur 
where  the  impervious  layer  dips  with  the  slope  of  the  hillside  but  at 
a  smaller  angle.  These  springs  are  essentially  like  those  in  which 
the  impervious  layer  is  horizontal  and  may  also  be  called  hardpan 
springs  (Fig.  9  c).  The  Mountain  Mist  Springs,  in  the  West  Hills, 
along  the  northern  shore  of  Long  Island  (Fig.  11),  are  of  this  class. 
The  imderl)dng  hardpan  is  a  compact  till,  and  the  perched  water 
table  lies  about  200  feet  above  the  main  water  table." 

3.  Springs  ai  the  outcrop  of  an  irregular  surface, — ^Where  the 
underl3dng  impervious  bed  has  ^,J^  irregular  surface,  the  overl)dng 
material  is  commonly  thin  And  unconsolidated — a  mantle  over- 
lying the  bed  rock.  In  humid  countries  the  great  majority  of 
springs  are  formed  by  water  that  collects  in  the  reservoirs  afforded 
by  this  porous  material.  It  varies  in  thickness  and  character  and 
the  irregularities  of  the  underlying  surface  originate  in  diverse  ways. 

'H.  £ck,  ''Geognostische  Beschreibung  der  Gegend  von  Baden-Baden,  Rothen- 
fels,  Gernsbach,  und  Herrenalb,"  K.-preuss,  geal.  Landesanstalt  Abh.,  neue  Folge, 
Heft  6  (1892),  pp.  653  ff. 

^.  C.  Vcatch,  "Undeiground  Water  Resources  of  Long  Island,  N.Y.,"  U.S. 
Ged.  Survey,  Prof.  Paper  44  (1906),  pp.  57-58. 
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EXPLANATION 


Sandstone     Sandstone  talus      Granite 


Spring        Collecting  canal 


Fig.  io. — Map  of  an  area  near  Baden-Baden,  Germany,  showing  inclined  gravity 
springs,  and  connecting  canal  fed  by  inclined  gravity  springs.  (Redrawn  from 
Keilhack,  after  Eck  and  Lueger.) 
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Four  classes  of  springs  in  this  group  are  distinguished  in  the 
following  paragraphs. 

Where  the  overlying  material  is  thick  and  of  wide  extent,  the 
contact  is  ordinarily  an  unconformity.  The  irregularities  of  such  a 
contact  are  of  minor  significance,  and  here  all  the  types  of  springs 
included  in  the  previous  group — gravity,  inclined  gravity,  cuesta, 
and  mesa  springs — ^may  occur.    The  springs  will  be  found  at  the 


raet 


Fig.  II. — Cross-section  showing  inclined  hardpan  on  the  north  side  of  the  West 
Hills,  Long  Island,  New  York,  and  source  of  Mountain  Mist  Springs.    (After  Veatch.) 


lowest  parts  of  the  contact.  Mesa  springs  that  fulfil  these  condi- 
tions occur  at  the  Hopi  Buttes,  in  Arizona  (Fig.  12),  where  the 
overlying  bed  is  a  porous  and  jointed  lava  flow  underlain  by 
patches  of  volcanic  ash  and  the  underlying  impervious  beds  are 
tilted  and  eroded  shales  and  sandstones.  The  unconformity  is 
fairly  ismooth,  but  springs  issue  in  the  lowest  places.* 

Where  the  overlying  porous  material  is  localized  and  the 
contact  is  irregular,  the  resulting  springs  may  be  called  pocket 
springs,  because  the  reservoir  from  which  the  water  is  drawn  lies 

*  H.  E.  Gregory,  op,  cit.,  p.  139. 
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in  a  pocket  in  the  underlying  rock  (Fig.  13  a).  The  overlying 
material,  which  is  usually  unconsoUdated  and  generally  of  rela- 
tively small  volume,  may  be  of  different  kinds,  of  which  the  most 
common  are  residual  soil,  alluvium,  till,  and  wind-blown  sand. 
This  is  the  prevailing  type  of  spring  in  the  till-covered  hills  of  New 
Engljind  and  in  the  soil-covered  crystalline  rocks  of  the  Sierra 
Nevada.    Most   small   springs   are   grouped   under    this   head. 


LEGEND 


Lava 


Sedhnentar^  rocX 


Fig.  12. — ^Map  of  a  part  of  the  Hopi  Buttes,  Arizona,  showing  distribution  of 
mesa  springs  with  reference  to  lava  and  sedimentary  rock.    (From  Gregory.) 

Pocket  springs  at  the  western  border  of  Owens  Valley,  California, 
are  described  by  C.  H.  Lee*  as  follows: 

The  springs  at  the  mouth  of  Sardine  Canyon  derive  most  of  their  supply 
from  the  rim-off  of  the  drainage  area,  which  sinks  into  porous  gravel  deposits 
in  the  lower  canyon.  There  is  also  contribution  from  accumulations  of  slide 
material  on  the  mountain  face  at  the  mouth  of  the  canyon.  The  flow  from 
this  group  (three  springs)  varies  from  3  to  ij  second-feet. 

» C.  H.  Lee,  "An  Intensive  Study  of  the  Water  Resources  of  a  Part  of  Owens 
Valley,  California,"  U.S,  Geol.  Survey,  Waier-Supply  Paper  294  (191 2),  p.  44  and 
Plate  XXV. 
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Overflow  springs,  like  pocket  springs,  are  due  to  the  overflow 
of  a  reservoir  of  porous  rock  (Fig.  13  h).  The  underlying  impervious 
bed  is  not  continuous,  but  percolation  through  the  porous  bed  is 
not  sufficient  to  drain  the  reservoir.  The  reservoir  is  commonly 
large  and  of  structural  origin.    These  springs  are  most  common  in 


A.  Pocket  springs 


D.  Fault-dam  springs 

Fig.  13. — Diagram  illustrating  four  classes  of  contact  springs  with  underiying 
bed  irregular:  a,  pocket  springs;  6,  overflow  springs;  c,  rock-dam  springs;  d,  fault- 
dam  springs. 

the  collecting  area  of  an  artesian  system  and  are  distributed  along 
the  contacts  of  the  inclosing  impervious  rocks.  An  example  is 
foiind  in  the  North  Downs,  near  London,  England  (Fig.  14). 
Many  of  the  springs  at  this  place  have  ceased  to  flow  because  of 
excessive  pumping  from  wells  in  the  artesian  basin  to  the  south.' 

*H.  B.  Woodward,  The  Geology  of  Water  Supply  (London,  1910),  pp.  133-35, 
Figs.  12,34. 
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Similar  masses  of  pervious  rock  may  be  bounded  on  one  or  more 
sides  by  impervious  rock  brought  into  place  by  faulting.  Overflow 
will  then  take  place  among  the  fault  line,  as  is  exemplified  in  the 
northern  Vosges  Mountains,  France'  (Fig.  15). 

In  arid  regions,  particularly,  great  thicknesses  of  alluvium  have 
accumulated  on  irregular  rock  floors,  and  if  the  irregularities  of 


nng 


Fig.  14. — Cross-section  of  the  North  Downs,  near  London,  England:  i,  gault; 
2f  upper  greensand;  .3,  chalk  marl;  4,  main  chalk,  pervious  to  water;  5,  lower  London 
Tertiary  strata;  6,  London  clay,  impervious  to  water.    (Rearawn  from  Woodward.) 


Fig.  15. — Cross-section  showing  overflow  spring  in  the  northern  Vosges  Moun- 
tains, France.  H.  Hauptbunt-sandstein  (porous);  P.  Rdtelschiefer  (impervious). 
(After  Leppla.) 

the  rock  floor  project  through  the  surface  of  the  alluvial  plains, 
the  water  contained  in  the  alluvium  may  be  forced  to  the  surface. 
Essentially  similar  conditions  may  be  brought  about  by  intrusion 
of  igneous  material  into  such  alluvial  plains.  Under  these  condi- 
tions the  rock  projections  act  as  dams  against  the  regular  flow  of 
the  groimd  water,  and  the  resulting  springs  may  be  called  rock 

'  A.  Leppla,  quoted  by  K.  Keilhack,  Lehrbuch  der  Grundwasser  und  QueUenkunde, 
Berlin,  191 2. 
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dam  springs  (Fig.  13  c).  The  best-known  examples  are  the 
ci6negas  of  the  valleys  of  southern  California.  West  of  Cucamonga 
(Fig.  16)  a  projection  of  older  cemented  alluvium  in  the  Red  Hills 


2MII.E5 

-J 

Fig.  16.— Map  showing  rock-dam  springs  near  Cucamonga,  California.  (After 
Mendenhall.) 

produces  East  and  West  ci6negas;  a  similar  projection  of  the  rocks 
of  the  San  Rafael  Hills  produces  the  springs  of  Devil's  Gate,  north 
of  Pasadena.'    In  the  Antelope  Valley  a  part  of  the  rock  floor  of 

« W.  C.  Mendenhall,  "Ground  Water  and  Irrigation  Enterprises  in  the  Foothill 
Belt,  Southern  California,''  U.S,  Ged,  Survey,  Water-Supply  Paper  2ig  (1908), 
pp-  34-38,  50-53. 
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the  basin  rises  above  the  alluvial  plain  and  produces  Lovejoy 
Springs."  Examples  of  rock  dams  formed  by  intrusion  of  igneous 
rock  into  alluvium  have  not  yet  been  found. 

Fault  dam  springs  arise  where  the  free  flow  of  ground  water 
through  porous  material  is  interfered  with  by  faulting  (Fig.  13  d). 
Fault  zones  become  efficient  barriers  by  the  formation  of  gouge  or 
simply  through  disturbance  and  dislocation  of  the  beds.    Examples 


Fig.  17. — Map  of  the  Niles  cone,  California,  showing  fault-dam  springs  due  to 
the  Niles-Irvington  fault.    (After  Clark.) 

of  this  class  of  spring  have  been  found  in  the  Big  Smoky  Valley, 
Nevada,  by  Meinzer.'  The  Niles-Irvington  fault,  in  the  SanU 
Clara  Valley,  CaUforhia,  beheads  an  alluvial  fan  (the  Niles  cone^). 
as  shown  in  Figure  17.    On  the  side  near  the  mountains  the  water 

'  H.  R.  Johnson,  "Water  Resources  of  Antelope  Valley,  California,"  US.  Gtd, 
Survey,  Water-Supply  Paper  278  (191 1),  p.  52,  Fig.  9. 

»0.  E.  Meinzer,  "Geology  and  Water  Resources  of  Big  Smoky,  Clayton,  and 
Alkalai  Spring  Valleys,  Nevada,"  U.S.  Ged.  Survey,  Waicr-Supply  Paper  423 
(1917),  p.  90.   . 

*  W.  O.  Clarke,  "  Ground  Water  Resources  of  the  Niles  Cone  and  Adjacent  Areas, 
California,"  U.S.  Geol.  Survey,  Water-Supply  Paper  34s  (1915),  pp.  130-J2, 150. 


Digitized  by 


Google 


CLASSIFICATION  OF  SPRINGS 


551 


table  is  about  20  feet  higher  than  on  the  downstream  side.  Two 
Fx>ncis  fed  by  ground  water  lie  east  of  the- fault.  They  are  fault 
dam  springs. 

C.        SPRINGS  IN  POROUS  ROCK  BETWEEN  IMPERVIOUS  ROCK  (ARTESIAN  SPRINGS) 

Where  water  is  contained  in  the  pore  spaces  of  a  p)ervious  bed 
lying  between  impervious  strata,  the  essential  conditions  for  the 


(  t)  ^l^^r^^^^  ^'-^  "^^  • 


\^^^ 


B.  Siphon  arttsian  spring 


D.  Fracturt  artMian  soring 


Fig.  18. — ^Diagrams  illustrating  four  classes  of  artesian  springs:  a,  dip  artesian 
springs;  6,  siphon  artesian  springs;  c,  imbedded  artesian  springs;  dy  fracture  artesian 
springs. 

existence  of  springs  are  that  a  part  of  the  porous  bed  outcrop  so  as 
to  absorb  rain  in  order  to  provide  a  regular  supply  of  water,  and 
that  the  beds  be  inclined — in  other  words,  the  essential  conditions 
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are  those  of  an  artesian  basin.  There  are  four  classes  of  springs 
which  fulfil  these  conditions. 

Dip  artesian  springs  (Fig.  i8  a)  occur  in  more  or  less  regularly 
bedded  rocks  that  have  been  tilted  and  eroded  in  such  a  manner 
that  the  porous  bed  receives  water  from  the  rain  or  streams  in  its 
upper  end  and  that  the  lower  end  is  exposed  at  the  surface.  Sedi- 
mentary rocks,  alternating  lava  flows,  tuffs  and  gravels,  and 
unconsolidated  alluvial  material  supply  these  conditions. 

In  a  series  of  beds  that  has  been  folded,  if  the  proper  conditions 
of  inflow  and  outflow  exist,  a  porous  stratum  constitutes  an  inverted 
siphon  for  the  conveyance  of  water.  ,  Springs  due  to  the  outflow 
from  the  low  side  of  such  a  basin  may  be  called  siphon  artesian 
springs  (Fig.  i8  b).    The  artesian  basin  of  the  Great  Plains  is  the 


Fig.  19. — Cross-section  of  the  Great  Plains  showing  siphon  artesian  ^ling^  near 
Sioux  City,  Iowa.    (After  Darton.) 

• 
largest  and  most  remarkable  in  the  world,  because  of  the  great 
distance  traveled  by  the  water  and  the  heavy  pressure  under  which 
it  exists.  Along  the  eastern  border  of  the  basin  the  beds  have  a 
distinct  westward  tilt,  but  the  water-bearing  Dakota  sandstone  is 
not  everywhere  exposed  (Fig.  19).  However,  near  Sioux  Cit}-. 
Iowa,  numerous  springs  and  seeps  arfe  foimd  along  the  western 
bluffs  of  Missouri  River,  where  the  Dakota  first  emerges  from 
beneath  its  impervious  cover.' 

In  certain  unconsolidated  deposits  not  regularly  bedded,  a 
mass  of  porous  material  may  be  so  exposed  as  to  receive  water  at  a 
high  level  and  discharge  this  water  at  a  lower  level.  The  springs 
resultmg  from  this  structure  may  be  called  imbedded  artesian 

« G.  E.  Condra,  "Geology  and  Water  Resources  of  a  Portion  of  the  Missouri 
River  Valley  in  Northeastern  Nebraska/'  U^.  Geol.  Survey,  WaUrSupply  Paper  21$ 
(1908),  pp.  27,  28. 
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springs  (Fig.  18  c).    Though  rare,  springs  of  this  class  occur  in  till, 
ajid  doubtless  examples  may  be  found  in  other  types  of  rock. 

The  springs  of  the  thtee  classes  just  described  depend  on  the 
outcrop  of  the  saturated  porous  bed  in  its  lower  portion.    Springs 
occurring  where  the  porous  bed  does  not  crop  out,  but  the  water 
escapes  from  it  by  an  opening  leading  to  the  surface,  may  be 
termed  fracture  artesian  springs   (Fig.    18  d).    Many  of  these 
springs  have  been  classed  with  fissure^prings,  but  it  seems  essential 
to  distinguish  between  springs  that  tap  artesian  basins  and  yield 
water  imder  hydrostatic  head,  and  those  that  depend  on  the  deeper 
waters  of  the  crust.    This  name  is  chosen  because  it  seems  .()robable 
that  all  such  openings  are  primarily  fractures  in  the  rocks.  Although 
it  is  true  that  great  pressure  is  exerted  by  the  water  in  deep  artesian 
basins,  it  seems  improbable  that  pressure  could  force  water  to  rise 
through  overlying  material  in  sufficiently  definite  channels  to 
supply  springs  imless  it  moved  along  pre-existing  faults  or  other 
fractures.    Water  pressure  may  assist  in  keeping  the  fracture  open, 
and  the  flow  of  water  tends  to  plaster  up  caving  walls  with  mud, 
as  in  the  hydraulic  systems  of  drilling  wells,  or  to  solidify  them  with 
precipitated  minerals.    Many  of  the  springs  of  this  class  have  a 
high  temperature,  a  steady  flow,  and  an  alignment  that  causes 
them  to  be  confused  with  true  fault  springs.    However,  a  dis- 
tinction should  be  made.    If  definite  artesian  structure  can  be 
demonstrated,  most  of  the  water  is  probably  meteoric  in  origin — 
that  is,  it  is  derived  from  rain  or  melted  snow  absorbed  at  the  out- 
crop;   if  artesian  structure  cannot  be  demonstrated,  there  is  a 
strong  presumption  that  much  of  the  water  arising  along  great 
faults  and  deep  fractures  in  the  crust  is  of  juvenile  origin — ^that  is, 
it  issues  from  deep  within  the  earth  and  now  sees  the  light  of  day 
for  the  first  time.    At  any^  rate,  there  is  a  sufficiently  distinct 
difference  in  structure  to  justify  separate  classification  of  the 
springs-^ 

In  Antelope  Valley,  California,  porous  sand  and  gravel  imder- 
lying  clay  contain  water  under  artesian  pressure.  Nimierous  wells 
have  been  sunk  to  obtain  this  water,  and  its  chemical  character 
and  temperature  are  known.  Buckhorn,  Indian,  Willow,  and 
other  sprmgs  having  water  similar  in  character  and  temperature 
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lie  along  a  fault  at  the  foot  of  Rosamond  Buttes  but  probably  not 
exactly  on  the  fault  trace  (Fig.  20).  This  fault  is  represented  by 
an  escarpment  in  the  alluvium  west  of  Willow  Springs,  from  50  to 
100  feet  in  height  and  extending  for  a  distance  of  5  miles/    The 
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Fig.  20. — ^Map  of  Antelope  Valley,  California,  showing  fracture  artesian  springs. 
(After  Johnson.) ' 

irregular  alignment  X)f  these  springs  is  best  explained  by  assuming 
that  there  are  associated  with  the  main  fault  a  niunber  of  sub- 
sidiary but  parallel  fractures  which  permit  the  artesian  water  to 
rise.  Alternative  explanations  are  offered  by  Johnson,  but  the 
absence  of  springs  except  along  this  general  line  makes  other 

'  H.  R.  Johnson,  op,  cit.f  pp.  21  and  49. 
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explanations  improbable.    These  springs,  therefore,  may  be  taken 
as  typical  of  the  class  of  fracture  artesian  springs. 

D.      SPRINGS  IN  IMPERVIOUS  ROCK 

The  term  porous  and  impervious  are  of  course  relative,  but 
impervious  rocks  may  be  considered  to  have  pore  spaces  of  capil- 
lary or  smaller  size,  which  usually  form  a  relatively  small  percentage 
of  the  rock.  Some  clay,  however,  has  a  high  porosity  but  because 
of  the  absorption  of  water  and  swelling  of  individual  grains  is 
highly  impervious.  Through  such  pore  spaces  effective  flow 
under  hydrostatic  head  is  impossible.    Movement  takes  place 


B.  Minor  tubular  spring 


Fig.  21. — Diagram  illustrating  two  classes  of  tubular  springs:  a,  solution  tubular 
springs;  d,  minor  tubular  springs. 

through  openings  which  may  be  grouped  into  two  types:  (i)  those 
which  are  more  or  less  tubular  in  form,  and  (2)  those  which  are 
sheetlike  in  form  and  along  which  the  water  moves  as  a  thin  film. 
I.  Tubular  Springs, — Springs  of  the  first  group  may  be  called 
tubular  springs.  This  group  can  in  turn  be  divided  into  three 
classes,  according  to  the  origin  of  the  tubular  openings.  Solution 
tubular  or  cavern  springs  are  due  to  channels  and  openings  formed 
through  solution  of  the  rock  by  circulating  ground  water  (Fig.  21a). 
Solution  commonly  begins  along  joints  or  other  previously  existing 
op>enings,  and  the  channels  may  be  enlarged  to  a  very  great  size. 
In  these  tubes  the  water  then  flows  freely  and  with  relative  rapidity. 
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The  rocks  that  are  aflPected  by  this  process  are  hmestone,  calcareous 
sandstone,  gypsum,  and  salt.  Silver  Spring,  in  Marion  Coxinty, 
Florida,  is  a  well-known  example.  This  spring  emerges  from 
several  openings  in  the  cavernous  Vicksburg  limestone  into  a  pool 
several  acres  in  extent.  The  volume  of  flow  is  about  385,000 
gallons  a  minute,  or  855  cubic  feet  a  second,  a  stream  sufficiently 
large. to  float  a  steamer.' 

Lava  tubular  springs  are  due  to  caverns  and  tunnels  in  lava 
flows.  These  caverns  and  tunnels  are  formed  through  the  process 
of  igneous  extrusion.  When  a  very  liquid  lava  cools  rapidly,  a 
crust  of  sufficient  strength  to  support  itself  may  form  on  the  surface 
and  the  liquid  lava  below  may  flow  out,  leaving  an  arched  tube. 
Under  other  conditions  the  crust  may  jdeld  to  lateral  pressure  of 
the  underl)dng  liquid  lava  and  form  arched  timnels  which  are  made 
permanent  by  the  solidification  of  the  lava.  Principally  by  these 
two  processes  caverns  and  tunnels  may  be  produced  in  formations 
due  to  successive  lava  flows,  and  under  favorable  circumstances 
such  op)enings  may  form  channels  for  the  ground  water.  On  the 
southern  flank  of  the  mountain  mass  which  culminates  in  Lassen 
Peak,  California,  large  springs  break  out  in  Big  Meadows,  about 
5  miles  from  Prattville.'  The  water  issues  from  basaltic  lava  in  an 
area  about  100  yards  in  diameter.  The  flow  is  29,000  gallons  a 
minute,  or  62 .6  cubic  feet  a  second,  and  the  temperature  is  46°  F. 
The  springs  belong  to  a  series  characteristic  of  the  lower  slopes  of 
the  Lassen  Peak  mass,  and  a  few  of  them  are  shown  in  Figure  2 
(p.  533).  The  low  temperature  of  these  springs  indicates  that  the 
water  originates  high  up  on  the  mountain  and  flows  rather  quickly 
down  the  slope.  It  seems  probable  that  the  water  flows  through 
caverns  and  timnels  in  the  lava  rather  than  through  the  pores  of 
the  rock.  This  interpretation  is  supported  by  the  existence  of  a 
similar  series  of  springs  around  Mount  Shasta.  Plutos  Cave,  north 
of  this  mountain,  is  an  example  of  the  kind  of  caverns  through  which 
the  water  passes.    It  is  in  places  60  feet  high  and  50  feet  wide  and 

»  G.  C.  Matson  and  Samuel  Sanford,  "Geology  and  Ground  Waters  of  Florida," 
U.S.  Geol,  Survey,  Water-Supply  Paper  319  (i9i3)»  P-  367- 

*  G.  A.  Waring,  "Springs  of  California,"  U.S.  Geol,  Survey,  Water-Supply  Paper 
33S  (191s),  p.  330. 
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has  been  explored  for  more  than  a  mile.'  Certain  cold  springs  on 
Mount  Shasta,  however,  appear  to  be  due  to  the  melting  of  buried 
ice.' 

Minor  tubular  springs  are  due  to  a  variety  of  causes  (Fig.  216). 
The  tubes  or  channels  are  of  small  size  and  irregular  length,  and 
many  of  them  app)ear  to  be  due,  at  least  in  part,  to  the  movement 


C.  IncliMd  fracture  springs 

Fig.  32. — Diagram  illustrating  three  classes  of  fracture  springs:  a,  quadrille 
fracture  springs;  h,  Crosshatch  fracture  springs;  c,  inclined  fracture  springs. 

of  the  water  itself.  Unconsolidated  deposits  are  particularly  sus- 
ceptible to  this  action.  The  decay  of  plant  roots,  the  existence  of 
small  sand  streaks,  and  the  enlargements  of  shrinkage  cracks  may 
all  assist  in  the  production  of  these  minor  openings. 

2.  Fracture  springs, — Springs  that  issue  from  sheetlike  or  plate- 
like openings  in  non-porous  rocks  may  be  called  fracture  springs, 
because  such  openings  are  primarily  due  to  fractures.    Joints, 

» H.  W.  Fairbanks,  Practical  Physiography  (Boston,  1906),  p.  178,  Fig.  180. 
*  G.  A.  Waring,  op.  cit.j  p.  332. 
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bedding  planes,  faults,  columnar  joints,  and  openings  formed  on 
slaty  cleavage,  fissility,  and  schistosity  are  the  common  types  of 
fractures  in  igneous  and  metamorphic  rocks.  In  sedimentary 
rocks  joints,  bedding  planes,  cross-bedding  planes,  and  faults  are 
the  principal  types  of  fractures.  If  the  fractures  are  very  numerous 
and  closely  spaced,  however,  water  moves  through  the  rock  in 
essentially  the  same  fashion  as  in  porous  rocks.  Minute  fracture 
systems  add  very  much  to  the  effectiveness  of  interstitial  pores  and 
are  probably  present  in  all  porous  rocks.  The  essential  difference 
is  that  in  a  porous  rock  water  moves  bodily,  and,  as  a  rule,  slowly 


Fig.  23. — Diagram  showing  occurrence  of  springs  near  Mount  Carmel,  Con- 
necticut.    (After  Gregory.) 

through  minute  openings,  whereas  in  fractured  impervious  rocks 
it  moves  more  rapidly  as  sheets,  threads,  or  films  of  water. 

Fracture  springs  may  be  divided  into  two  classes  according  to 
the  attitude  of  the  fractures  toward  one  another  and  toward  the 
horizon.  A  common  joint  system  is  one  in  which  there  are  two  or 
three  sets  of  joints  at  right  angles  to  one  another  and  one  of  the 
sets  is  horizontal.  Springs  due  to  such  joints  may  be  called 
quadrille  fracture  springs  (Fig.  22  a).  Such  a  jointing  system  is 
common  in  sedimentary  rocks  and  in  impervious  igneous  rocks, 
particularly  in  sheeted  plutonic  rocks.  Springs  due  to  two  systems 
of  joints  at  right  angles  to  each  other  and  inclined  to  the  horizon 
may  be  called  Crosshatch  fracture  springs  (Fig.  22  i).  Joints  and 
bedding  planes  in  Triassic  sandstones  form  such  a  system   of 
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fractures  and  give  rise  to  springs  near  Mount  Carmel,  Connecticut, 
as  shown  in  Figure  23.^  Far  more  abundant,  however,  are  irregular 
systems  of  joints,  all  of  which  are  inclined  toward  the  horizon, 
and  springs  due  to  such  systems  may  be  called  inclined  fracture 
springs  (Fig.  22  c). 

KEY  TO  THE  CLASSIFICATION  OF  SPRINGS 

I.  Springs  due  to  deep-seated  waters,  juvenile  and  connate,  admixed  with 
deeper  meteoric  water;  do  not  flow  under  hydrostatic  head  and  are  usually 
not  subject  to  seasonal  fluctuation. 

A.  Volcanic  Springs.  Associated  with  volcanism  or  volcanic  rocks; 
water  commonly  hot,  highly  mineralized  and  containing  gases. 
Grade  from  gas  vents  into  springs  of  normal  temperature  indis- 
tinguishable from  those  due  to  other  causes. 

B .  Fissure  Springs.  Due  to  fractures  extending  into  deeper  parts  of  the 
crust ;  water  usually  highly  mineralized  and  commonly  warm  or  hot. 

1.  Fault  Springs.  Associated  with  recent  faults  of  great 
magnitude. 

2.  Fissure  Springs.  No  direct  structural  evidence  as  to  origin ^ 
but  because  of  temperature  and  steady  flow  believed  to 
have  deep  origin. 

II.  Springs  due  to  meteoric  and  occasionally  other  waters  moving  as  ground 
water  under  hydrostatic  head;  many  fluctuate  in  flow  with  the  rainfall. 

A.  Depression  Springs.  Due  to*  land  surface  cutting  water  table  in: 
porous  rocks. 

^    I.  Dimple  Springs.    Due  to  depressions  in  hillsides. 
V    2.  Valley  Springs.    Due  to  abrupt  change  in  slope  at  edge  of 

flood  plain. 
N  3.  Channel  Springs.    Due  to  depressions  in  flood  plains  or 

alluvial  pkuns  caused  by  channel  cutting  of  stream. 
\    4.  Border  Springs.    Due  to  change  in  slope  at  border  between 
alluvial  plains  and  playas,  lake  beds,  or  river  bottoms; 
relative  imperviousness  of  central  clay  deposits  assists  flow. 

B.  Contact  Springs.    Due  to  porous  rock  overlying  impervious  rock. 

I.  Impervious  rock  has  a  horizontal  and  regular  surface. 

a)  Underlying  bed  is  of  large  extent;    common  in 

consolidated  sedimentary  rock. 

;     (i)  Gravity  Springs.  Overlying  material  is  soft. 

.^     (2)  Mesa  Springs.    The  overlying  material  is 

hard,  usually  sandstone  or  lava  flow ;  water 

contained  in  pores  and  joints  of  the  rock. 

'  H.  E.  Gregory  and  E.  E.  Ellis,  "Underground  Water  Resources  of  Connecticut," 
US.  Geot.  Survey,  Water-Supply  Paper  232  (1909),  p.  136. 
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y      b)  Underlying  bed  is  of  small  extent;  common  in  uncon- 
solidated alluvium;  impervious  bed  is  usually  day, 
cemented  gravel,  "mortar  bed,"  caliche,  or  hardpan. 
.  (i)  Hardpan  Springs. 

^'  2.  Impervious  bed  has  an  inclined  and  regular  surface;  all 
springs  on  the  low  side  tmless  the  overlying  bed  is  very 
thick  and  the  dip  low. 

a)  Underlying  bed  is  of  large  extent. 

^  (i)  Inclined  Gravity  Springs.    The  overlying 
material  is  soft. 
(2)  Cuesta  Springs.    The  overlying  material 
is  hard;  of  same  character  as  mesa  springs. 

b)  Underlying  bed  is  of  small  extent;  as  in  hardpan 
springs. 

(i)  Impervious  layer  dips  away  from   hUl; 
'  spring  possible. 

(2)  Impervious  layer  dips  into  hiU;    spring 
possible  only  in  ravines. 

5.  Impervious  bed  has  irregidar  surface. 

a)  Overlying  porous  material  is  thick  and  of  wide 
extent;  contact  is  unconformity.  Gravity,  in- 
clined gravity,  mesa,  and  cuesta  springs  may 
occur,  but  springs  will  be  sharply  localized  at 
lowest  parts  of  contact. 

b)  Pocket  Springs.  Overlying  porous  material  is 
unconsolidated  and  more  or  less  discontinuous, 
residual  soil,  talus,  landslide  d6bris,  alluvium,  till, 
stratified  drift,  wind-blown  sand,  or  volcanic  ash. 

c)  Overflow  Springs.  Irregular  floor  is  not  continu- 
ous, but  porous  bed  is  saturated  and  overflows  at 
lateral  contacts;  common  at  receiving  end  of 
artesian  systems. 

d)  Rock  Dam  Springs.  Irregularities  of  the  rock  floor 
under  an  alluvial  plain  force  water  to  surface;  these 
may  be  projections  of  floor  of  basin,  projections  of 
partly  consolidated  older  alluvium,  igneous  dikes, 
or  volcanic  plugs. 

e)  Fault  Dam  Springs.    Dam  caused  by  faulting. 

,  C.  Artesian  Springs,    Due   to   pervious   bed  between   impervious 

materials. 

1.  Dip  Artesian  Springs.  More  or  less  regularly  bedded  rocks; 
tilted  porous  bed  crops  out  in  valley;  usually  sedimentary, 
also  alternations  of  lava  flows,  flow  breccias,  tuffs,  gravels. 

2.  Siphon  Artesian  Springs.  Similar  rocks;  folded  and  with 
outcrops  in  valley. 

3.  Unbedded  Artesian  Springs.  Rocks  not  regularly  bedded, 
but  mass  of  porous  material  is  exposed  so  as  to  receive 
water  and  crops  out  in  valley;  occur  in  till  and  perhaps  in 
other  rocks. 


Digitized  by 


Google 


CLASSIFICATION  OF  SPRINGS  561 

4.  Fracture  Artesian  Springs.  All  the  conditions  above,  except 
that  lower  end  of  porous  bed  does  not  crop  out  but  an 
opening  allows  water  to  escape.  Opening  due  to  fracturing 
with  or  without  faulting. 

D.  Springs  in  Impervious  Rock: 

1.  Tubular  Springs.  Due  to  more  or  less  rounded  channels 
in  impervious  rocks. 

a)  Solution  Tubular  or  Cavern  Springs.  Due  to  solu- 
tion channels  in  limestones,  calcareous  sandstones, 
gypsum,  salt. 

b)  Lava  Tubular  Springs.    Due  to  caverns  and  tunnels 
*  in  lava  flows. 

^  c)  Minor  Tubidar  Springs.  Due  to  channels  made 
by  movement  of  water,  decay  of  tree  roots,  sand 
streaks,  or  shrinkage  cracks,  usually  in  imconsol- 
idated  sediments. 

2.  Fracture  Springs.  Due  to  fractiures  consisting  of  joints, 
bedding  planes,  coliminar  joints,  openings  due  to  cleavage, 
fissility,  schistosity,  cross-bedding  planes,  and  faults  in 
impervious  sedimentary,  igneous,  and  metamorphic  rocks. 

a)  Quadrille  Fracture  Springs.  Due  to  more  or  less 
rectangular  system  of  fractures,  one  of  which  is 
parallel  to  the  horizon. 

b)  Crosshatch  Fracture  Springs.  Due  to  more  or  less 
rectangular  system  of  fractures,  inclined  toward 
the  horizon. 

c)  Inclined  Fracture  Springs.  Due  to  inclined  frac- 
tures, not  necessarily  systematic. 
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Wassenaar,  Holland 


Through  the  whole  of  Central  Celebes,^  from  the  GuM  of  Boni 
to  the  Gulf  of  Tomini,  extends  a  formation  of  crystalline  schists, 
lying  east,  but  principally  west,  of  Lake  Posso.  These  schists  are 
strongly  folded  and  their  positions  vary  from  horizontal  to  vertical. 
More-  than  once,  but  last  during  the  Oligocene,  this  region  was 
leveled  by  denudation.  The  resulting  peneplain  was  arched 
during  the  neo-Tertiary  and  Plio-Pleistocene  to  2,000  meters  above 
sea-level.  Consequently,  it  became  deeply  cut  by  erosion.  In 
some  of  these  furrows  one  can  distinctly  observe  an  east-west  strike 
of  the  strata,  which  seems  to  be  the  effect  of  the  oldest  folding. 
Especially  on  the  west  of  Lake  Posso  the  region  appears  now  as  a 
distinct  geographical  entity.  West  of  these  mounts  others  follow, 
either  separated  from  the  first  by  depressions  or  not.  They  consist 
of  gneiss,  viz.,  biotite  and  amphibole  gneiss,  amphibolites,  granites, 
and  effusive  rocks.  In  this  part  of  the  country  the  peneplain 
character  has  not  been  preserved  so  well;  the  highest  tops  reach 
altitudes  up  to  3,000  meters. 

In  no  other  part  of  the  Dutch  East  Indian  Archip>elago  do  the 
gneiss  and  schists  region  occupy  such  a  large  surface  as  in  Central 
Celebes;  besides  that,  the  crystalline  schists  are  characterized  by 
a  particular  richness  of  rock  varieties. 

Most  of  the  schists  belong  to  the  second  and  eighth  groups  of 
the  Grubenmann'  classification,  and  to  the  upper  and  middle  zones 
of  these  groups.  This  leads  to  the  conclusion  that  they  represent 
metamorphosed  clays,  sandstones,  and  argillaceous  sandstones. 
Besides  these  rocks,  a  certain  importance  must  be  attributed  to  the 
metamorphosed  calcareous  sandstones  and  limestones,  rocks  of  the 

'  See  E.  C.  Abendanon,  Voyages  giologiques  et  giograpkiques  d  trovers  la  CAehes 
Centrale,  3  volumes  and  one  atlas,  Leyde,  Holland,  1916-18. 
'  U.  Grubenmann,  Die  krislaUinen  Schiefer,  Vol.  II,  1907. 
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ninth  and  tenth  groups,  some  of  them  making  part  of  the  upper 
zone,  but  chiefly  belonging  to  the  middle  zone.  These  latter 
varieties  appear  principally  along  the  eastern  bank  of  Lake  Posso 
and  north  of  the  lake. 

With  these  schists  of  sedimentary  origin,  there  are  others 
which  must  have  evolved  from  more  or  less  basic  eruptive  rocks 
and  their  tuffs.  But  for  a  few  exceptions,  belonging  to  the  middle 
zone,  most  of  these  latter  schists  belong  to  the  upper  zone;  they 
are  represented  by  rocks  of  groups  three  (plagioclase  gneiss), 
four  (metamorphosed  gabbroid  rocks),  and  five  (schists  containing 
silicates  of  magnesia). 

The  age  of  this  formation  of  schists  in  Central  Celebes  and  in 
other  parts  of  the  archipelago  has  been  interpreted  as  follows: 

1.  Wichmann'  considers  the  mica  schists  of  Central  Celebes  as 
Archean;  Martin^  does  the  same  regarding  those  of  Ceram,  whereas- 
Verbeek^  thinks  that  those  of  South  Borneo  constitute  a  series  of 
Azoic  rocks;  Volz^  refers  to  the  Archean  only  the  gneiss  of  the  land 
of  the  Gajos  (North  Sumatra). 

2.  Molengraaffs  believes  that  the  crystalline  schists  of  Central 
Borneo  are  partly  Archean,  partly  of  more  recent  age. 

3.  Verbeek^  groups  the  gneiss  and  mica  schists  which  he  found 
in  the  Moluccas,  with  other  rocks,  such  as  the  quartzites  (of  dark 
color)  and  argillaceous  schists,  in  the  ^'old  schists  formation,"  in 
which  he  presumes  the  existence  of  Azoic  (e.g.,  the  gneiss  of  Sibel- 
aboe)  or  Archean  elements,  but  also  elements  of  the  Old  Paleozoic. 
His  opinion  upon  this  matter  is  shared  by  Volz'  and  Ahlburg,*  who 
also  .connect  other  rocks,  such  as  the  peridotite  of  eastern  and 
southeastern  Celebes,  with  the  mica  schists.  Volz  draws  attention 
to  the  complete  conformability  between  the  mica  schists  and  the 
old  schists  in  the  aforementioned  land  of  the  Gajos.    It  must  be 

'  "Der  Posso-See  in  Celebes,"  in  Petermann's  Geogr.  Miiteilungen,  Heft  VII,  1896. 

*  "Reisen  in  den  Molnkken,"  Geologischer  Theilj  1903. 
3  Jaarboek  van  ket  Mijnwezen,  Vol.  I,  1875. 

*  Nord-Sumatra,  Vol.  II,  191 2. 

« Geologische  verkenningstochten  in  Centraal.  Borneo ,  1900. 

^  Rapport  sur  les  Moluques,  1908.  ?  Nord-Sumatra,  Vol.  I,  1909. 

*  Versuch  einer  geologischen  DarsUUung  der  Insel  Celebes^  1913. 
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remarked   that   a   similar   conformability  has  been    discovered 
nowhere  else  in  the  archipelago  by  any  of  the  other  explorers. 

4.  The  rare  true  mica  schists  of  Letti  are  regarded  by  Molen- 
graaffi  as  metamorphosed  rocks  of  the  Old  Permian. 

5.  By  Wing  Easton,"  but  more  expressly  by  Volz  and  Tobler,* 
the  "old"  schists  are  considered  as  being  partially  Mesozoic.  One 
may  doubt,  however,  whether  they  include  real  mica  schists. 

6.  Smith^  expresses  much  doubt  about  the  Archean  age  ascribed 
to  the  crystalline  schists  of  the  Philippine  Islands,  and  he  assigns 
many  of  them  to  the  Tertiary. 

There  is  thus  a  strong  discrepancy  in  the  opinions  of  these 
competent  explorers,  as  the  ages  they  assign  to  the  schists  vary 
from  the  Archean  to  the  Tertiary.  Their  opinions  could  hardly 
differ  more. 

In  order  to  come  to  a  personal  conclusion,  I  shall  begin  by 
trying  to  solve  a  few  questions.  First  of  all:  Do  all  the  series  of 
rocks  which  the  above-mentioned  explorers  have  classed  with  the 
"old  schists  formation,"  really  belong  to  it? 

It  would  perhaps  be  possible  to  answer  this  question  with 
certainty  if  one  had  gathered  into  a  single  collection  all  the  rocks 
collected;  but  such  a  collection  does  not  exist.  On  the  contrary, 
those  assembled  by  the  explorers  named  are  scattered  in  such  a 
large  number  of  museums  that  a  comparative  petrographic  exam- 
ination of  the  crystalline  schists  and  old  schists  existing  in  the 
different  parts  of  the  Dutch  East  Indian  Archipelago  is  absolutely 
impossible.  One  thing  is  certain,  however,  and  that  is  that  the 
rocks  included  in  the  "old  schists  formation"  have  been  put 
together  on  a  basis  of  negative  characters,  namely,  their  "old" 
appearance  and  the  absence  of  fossils.  It  is  therefore  possible, 
perhaps  very  probable,  that  elements  have  been  included  which  in 
fact  do  not  belong  to  the  old  schists  formation. 

In  order  to  come  to  a  more  accurate  classification,  it  appears 
necessary  to  make,  first  of  all,  a  distinction  between  the  gneiss  and 
crystalline  schists  on  the  one  side,  and  the  "old"  schists  on  the  other 

'  Jaarb,  Mijnwezenj  1914.  '  Ibid.y  1904. 

^  Voorl.  med.  aver  de  geologie  der  res,  Djambij  191 2. 

*  Handbuch  der  regionalem  Geologie,  Philippine  Islands,  1910. 
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side.  The  real  gneiss  must  be  separated  from  the  gneissoid  rocks 
which  originated  at  the  periphery  of  the  younger  granites  at  the 
time  of  their  solidification.  These  gneissoid  rocks  appear  in  large 
quantity  in  Central  Celebes,  and  Volz  believes  he  has  detected 
them  in  the  north  of  Sumatra.  As  to  the  crystalline  schists,  it  is 
advisable  to  distinguish  the  old  mica  schists  from  the  rocks  belong- 
ing to  the  more  recent  contact  zones,  as  for  instance  the  andalusite 
mica  schist  from  Central  Celebes.  Finally,  there  is  no  doubt  that 
there  has  been  included  with  the  "old"  schists  rocks"  which  do  not 
belong  to  them.  For  instance,  in  his  Rappari  sur  les  Moluques 
(p.  75s),  Verbeek  places  the  argillaceous  schists  of  the  island  of 
Taliabo  in  the  old  schists  formation.  However,  they  recall  so 
much  certain  schists  of  the  Upper  Cretaceous,  either  metamor- 
phosed or  not  by  the  granite  of  the  southwestern  part  of  Central 
Celebes,  that  I  can  no  longer  consider  them  as  being  undoubtedly 
old  schists. 

Having  eliminated  the  rocks  which  do  not  belong  to  them,  it 
must  be  accepted  that  there  exists  in  the  Dutch  East  Indian 
Archipelago  three  series  of  rocks  which  are  unquestionably  of 
similar  age,  and  which  form  the  base  of  the  other  geological 
formations.  Of  these,  the  gneiss  and  mica  schists  are  the  earliest 
member.  This  double  series  appears  as  large  complexes,  principally 
in  the  north  of  Sumatra,  the  southeast  of  Borneo,  on  very  extensive 
areas  in  Central  Celebes,  and  in  the  islands  of  Boeroe  and  Ceram. 
As  in  other  places,  it  is  possible  to  see  the  lowest  strata,  viz.,  the 
gneiss  formation,  in  this  latter  island  and  elsewhere  in  the  archi- 
pelago, but  especially  and  very  clearly  in  Central  Celebes.  In  its 
upper  part,  these  crystalline  schists  seem  to  grade  into  the  "old" 
schists,  which  constitute  the  second  essential  member  of  the  oldest 
formations.  These  schists  are  well  known  in  many  parts  of  the 
archipelago,  but  only  Volz  has  pointed  out  their  conformability 
with  the  mica  schists  in  the  north  of  Simiatra. 

Particularly  in  Central  Celebes  the  mica  schists  occupy  such  an 
extensive  surface,  vertically  as  well  as  horizontally,  that  there  is 

'  Tobler  (and  before  him  Wing  Easton  and  Volz)  had  already  called  attention  to 
this  point;  however,  he  does  not  exclude  them  systematically  from  the  denomination 
"old  schists." 
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no  question  of  explaining  them  by  contact  metamorphism  (although 
it  is  certain  that  such  metamorphism  has  taken  place  locally).  We 
have  here  to  deal  with  regional  metamorphism  of  ancient  date. 
The  total  thickness  of  these  schists  cannot  be  estimated,  even 
approximately,  but  it  is  certainly  some  thousands  of  meters.  Such 
a  thickness  could  not  have  resulted,  in  Celebes  or  in  other  islands 
of  the  archipelago,  from  the  sedimentary  beds  of  the  Tertiary  or  of 
the  Mesozoic.  So  we  reach  the  conclusion  that  these  rocks  are 
pre-Mesozoic. 

What  is  the  tectonic  relation  between  the  crystalline  schists  of 
Central  Celebes  and  those  of  other  parts  of  the  archipelago  ? 

Suess*  has  remarked  that  Martin'  observed  a  large  massif  of 
Archean  rocks  in  the  islands  Boeroe  and  Ceram;  it  consists  prin- 
cipally of  mica  schists  having  an  east-west  strike.  Similar  rocks^ 
having  the  same  strike  have  been  found,  not  only  in  the  group  of 
the  Peling-Misool  islands,^  but  also  in  the  northwestern  peninsula 
of  New  Guinea,  whereas  the  island  of  Roon  (east  of  this  peninsula) 
is  composed  of  gneiss.  These  data  have  led  him  to  the  hypoth- 
esis^ that  the  islands  Ceram  and  Boeroe  are  but  the  prolongation 
of  the  central  mountain  ranges  of  New  Guinea,  whereas  the  group 
of  the  P61ing-Misool  Islands  and  the  northwestern  peninsula  of 
New  Guinea  represent  the  foreland  of  the  folded  land  situated 
farther  south.  Suess  makes  of  this  foreland  an  old  "massif'' 
(Vol.  Ill,  Part  3,  p.  1036).  He  would  make  a  geological  entity  of 
the  territory  extending  from  Celebes  to  the  little  island  Rossel 
southeast  of  the  southeastern  point  of  New  Guinea,  but  he  writes 
(Vol.  Ill,  Part  3,  p.  1035) :  "L'finorme  distance  qui  s^pare  C61dbes 
de  rile  Rossel  (Louisiade),  ainsi  que  les  grandes  lacunes  dans  nos 
connaissances,  ne  permettent  pas  d'6noncer  id  des  resultats 
certains."  Further  (Vol.  Ill,  Part  i,  p.  343):  "On  ne  peut  pas 
dire  de  quelle  fajon  la  chalne  des  lies  orient^es  de  I'E.  a  TW. 
(Obi,  Taliabo,  etc.)  se  prolonge  i  Cfilfebes." 

'  La  Face  de  la  Terre,  Vol.  Ill,  Part  i,  p.  317. 
» Ibid.,  Vol.  Ill,  Part  3,  p.  1033. 

^  Ihid.y  Vol.  Ill,  Part  3,  p.  1036:   "Des  terrains  anciens  apparaissent  dans  ces 
lies  (de  Taliabo  It  Misool),  surmont^  de  couches  m^sozoiques  non  pliss^es." 
4  La  Face  de  la  Terre,  Vol.  Ill,  Part  i,  p.  318  and  Vol.  Ill,  p.  1035. 
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As  a  result  of  the  investigation  made  in  Central  Celebes,  this 
last  point  is  now  elucidated,  for  the  east-west  strike  is  repeated  in 
a  very  remarkable  way  in  the  schists  and  gneiss  formations  of  this 
territory,  although  the  older  ranges  of  Centf al  Celebes  and  Ceram 
have  a  northwest  to  southeast  direction,  owing  to  the  post-Lutecian 
folding,  whereas  younger  horsts  of  Central  Celebes  have  a  north- 
south  direction,. the  result  of  more  recent  tectonic  events.  More- 
over, the  old  massifs  of  Central  Celebes  are  separated  from  those 
of  the  islands  situated  to  the  east  of  Celebes  by  a  massif  of  peri- 
dotite.    This  latter  rock  has  great  importance  in  these  islands. 

Until  the  contrary  is  proved,  the  answer  which  one  may  give 
to  the  second  question  indicates  thus  that  the  gneiss  and  schists 
massifs,  from  Central  Celebes  to  the  island  of  Roon,  are  parts  or 
horsts  of  an  old  massif  which  stretched  formerly  throughout  this 
whole  extent.  Without  being  able  to  assert  it  dogmatically,  one 
may  say  that  this  old  massif,  folded  in  an  east-west  direction,  is 
prolonged  to  the  west,  and  that  it  reaches  the  middle  of  Borneo, 
where  Molengraaff  and  other  explorers  have  also  foimd  tectonic 
entities  striking  almost  east  and  west.' 

The  answers  given  to  the  first  two  questions  are  not  sufficient 
to  define  precisely  the  age  of  the  mica  schists.  This  leads  me  to 
look  outside  the  archipelago  and  to  ask  the  following  questions: 
What  is  the  distribution  of  the  oldest  formations  outside  the  limits 
of  the  archipelago  ?  In  what  places  do  they  reveal  their  age  with 
certainty  by  the  presence  of  fossils?  What  geo-metamorphic 
processes  have  the  formations  in  those  places  imdergone,  and  what 
is  the  relation  of  these  processes  to  those  which  have  predominated 
in  the  archipelago  ? 

If  the  metamorphosing  processes  in  other  places  have  not  been 
more  favorable  than  in  the  archipelago  for  the  preservation  of 
fossils  of  Paleozoic,  and  especially  of  early  Paleozoic  age,"  we  have 
one  reason  less  for  presuming  that  fossils  once  existed  in  the  schists 
of  the  archipelago. 

'  The  same  direction  is  repeated  in  the  northern  peninsula  of  Celebes,  in  the  isle 
of  Java,  and  in  the  chain  of  the  small  Sunda  Islands. 

*  Neo-Carbonif erous  and  Permian  fossils  have  been  found  in  the  archipelago; 
this  is  a  well-known  fact. 
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To  answer  the  foregoing  questions  I  cannot  do  better  than 
again  to  refer  to  Suess's  La  Face  de  la  Terre, 

In  the  eastern  part  of  New  Guinea  there  exist  old  rocks  much 
folded  and  strongly  upheaved/  which  occupy  the  highest  parts  of 
the  interior,  as  for  instance  the  Owen-Stanley  Range,  Adolf-Haven, 
and  the  southern  coast  of  the  Huon  GuM.  These  rocks  are  also 
found  in  the  north  of  New  Caledonia,  along  the  northeastern  coast, 
with  a  direction  N.2o**-5s**E. 

If  we  leave  New  Guinea  and  pass  to  Australia,  we  see  there  the 
large  central  upland  mentioned  by  Suess,  which  is  composed  of 
granite,  gneiss,  old  schists,  and  a  very  extensive  mantle  of  the 
"  Desert  Sandstone  "  (pp.  243-44) .  It  extends  to  the  western  coast 
of  Australia,  where  it  is  abruptly  interrupted.  In  latitude  25°is'S. 
on  this  coast  a  Carboniferous  series  has  been  found  (p.  243). 

The  eastern  and*southeastem  parts  of  Australia,  on  the  other 
hand,  consist  mostly  of  folded  mountain  ranges;  there  we  find  the 
Silurian,  which  is  represented  in  Cape  York  peninsula  (longitude 
s*=  i37i**E.,  and  latitude  3S**S.),  separating  the  gulfs  of  Spencer  and 
St.  Vincent  (p.  249).  North  of  this  latter  gulf,  in  the  Flinders 
Range,  there  are  outcrops  of  old  schists  and  quartzites  (p.  247). 
Further  east,  the  old  rocks  of  the  Barrier  and  Grey  ranges  seem  to 
be  identical  (p.  247);  finally  comes  the  great  Australian  Cordil- 
leras, about  which  Suess  writes  (p.  248):  "Des  granites,  des 
porphyres,  des  terrains  cristallins,  siluriens  et  dfivoniens  extrfime- 
ment  pliss6s,  g6n6ralement  m&ne  redresses  jusqu'i  la  verticals 
constituent  le  noyau  de  la  Cordillere.  ...  LeCarbonifdreestpresque 
horizontal." 

I  draw  attention  to  the  fact  that  in  these  mountain  ranges  the 
Silurian  and  the  Devonian,  although  very  much  folded,  are  still 
recognizable  by  their  fossils. 

Let  us  cursorily  follow  Suess  in  his  further  views  on  the  Cordil- 
leras. With  regard  to  Tasmania,  he  writes  (pp.  251-52):  "Du 
granite,  des  schistes  cristallins  et  du  Silurien  s'y  montrent  redressfe 
presque  verticalement,  suivant  une  direction  m^ridienne;  le 
Carboniffere,  tant  sous  le  facifes  maritime  que  sous  le  facite  con- 
tinental, recouvre  en  discordance  ces  terrains  anciens."    In  the 

» Suess,  op.  ciLf  Vol.  Ill,  Part  3,  pp.  1026-30. 
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eastern  part  of  Victoria  one  meets  again  granite  rocks  and  more  or 
less  vertical  formations  of  gneiss  and  strata  of  Silurian  sjge  (p.  252). 
Continuing  northward,  we  come  to  New  South  Wales,  where  north- 
south  zones  of  granite  and  strongly  folded  Silurian  and  locally 
Devonian  beds,  together  with  old  porphyry,  form  the  eastern  coast 
up  to  the  Bateman  Bay  (latitude  3S°4o'S.).  Northward  this  chain 
departs  from  the  coast  and  disappears  gradually  under  the  hori- 
zontal Carboniferous  (pp.  253-54).  Further  east  another  range 
consisting  of  granite  and  Silurian  strata  extends  toward  the  north 
to  Queensland  (p.  254).  In  the  northern  part  of  New  South  Wales, 
the  New  England  Range  is  composed  of  folded  strata  of  Lower 
Paleozoic  formations,  with  a  nucleus  of  granite  forming  mountains 
(p.  254).  To  the  north  the  granite  diminishes,  but  the  folded 
Devonian  series  increases  (p.  255)-.  To  the  west  the  Cordilleras 
disappears  under  the  mantle  of  "desert  sandstone"  stretching  to 
the  Gulf  of  Carpentaria;  at  some  points  there  rise  through  this 
mantle  formations  of  granite  and. Paleozoic  sediments  (p.  255). 
Between  latitude  22^30'  and  22**S.  there  are  further  patches  of  the 
Devonian  and  Silurian;  but  to  the. north  of  latitude  22**S.  the 
coast,  as  far  north  as  it  is  known,  is  formed  of  granite  rocks,  as 
also  are  the  islands  of  the  Strait  of  Torres,  between  Cape  York  and 
New  Guinea  (p.  256).  In  southeastern  Australia  the  Silurian  and 
Devonian,  although  much  folded,  have  remained  recognizable  by 
their  fossils  up  to  latitude  22°S. 

If  we  now  pass  to  the  opposite  (northwest)  side  of  the  archi- 
pelago, to  Southeastern  Asia,  what  do  we  find?  The  islands  of 
Banka  and  Billiton  form  a  connection  between  the  Dutch  East 
Indies  and  the  Malacca  Peninsula.  The  granitic  lands  of  these 
stanniferous  islands  extend  in  a  northwestern  direction  over  the 
southern  point  of  the  peninsula,  in  which  (at  Singapore)  sandstones 
and  old  schists^  have  also  been  discovered.  Just  west  of  longitude 
ioo°E.  this  granite  chain  turns  to  the  north  and  ends  in  this  direction 
at  the  island  Kaw  Tau,  in  the  Gulf  of  Siam  (Suess,  Vol.  Ill,  Part  i, 
P-  303)'  To  the  west  follows  a  depression  in  which  flows  the 
Bandon  (p.  303).     To  the  west  of  this  depression  comes  another 

» Suess,  Vol.  I,  p.  600  and  Vol.  Ill,  Part  i,  p.  303.  See  also  Verbeek,  Rapport 
sur  Us  Moluqucs,  pp.  755-56,  concerning  the  presence  of  Jurassic  rocks  in  this  series. 
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granite  chain  extending  toward  the  north,  thus  forming  a  transition 
to  the  Birman  chains  (p.  303).    At  Tenasserim,  on  the  neck  of 
land  east  of  the  Mergui  Islands,  there  are  outcrops  of  Upper 
Carboniferous  (p.  303)  as  well  as  of  Archean  rocks  (I,  599).    This 
Upper  Carboniferous  seems  to  extend  far  to  the  north  in  the  valley 
of  the  Salwen,  and  at  Moulmein  notably  (latitude  =fci6§°N.),  in 
the  form  of  limestone,  it  occupies  a  large  area  (p.  599).    However, 
this  eastern  zone  of  the  Birman  chains,  to  which  we  have  come, 
consists  principally  of  Archean  rocks  (p.  593).    To  the  east  of 
Moulmein  the  chains  extend  northward  and  north-northeast, 
beyond  Xieng-Sen,  which  is  situated  on  the  Mekong,  in  the  northern 
part  of  Siam  (Vol.  Ill,  Part  i,  p.  290).    Other  ranges  joining  the 
former  between  Xieng-sen  and  Vien-tiane  (also  on  the  Mekong, 
but  further  down)   take  a  northeast-southwest  direction,  and, 
decreasing  in  height,  gradually  disappear  toward  the  southeast  and 
the  south,  under  the  Siamese  plain  (p.  290).    Then  toward  the 
southeast  comes  Siam,  an  immense  unknown  land,  which,  being 
connected  with  a  vast  area  of  granulite  and  granite,  leads  us  to 
the  low  and  old  massif  of  Cambodge,  of  which  we  will  speak  later 
(pp.  290-91).    Let  us  first  follow  the  Birman  chains  toward  the 
north. 

According  to  Griesbach,  the  limestones  of  Moulmein  seem  to 
continue  northward  up  to  the  highland  of  the  Shan,  where  the 
Permian  limestone  is  folded,  the  folds  having  been  leveled  (Vol.  Ill, 
Part  I,  p.  281).  Then  long  ranges  composed  at  first  of  crystalline 
schists  and  further  north  of  gneiss  lead  north  to  Mandalay  on 
the  Irawaddi.  And  here  again,  in  the  Northern  Shan  States,  we 
find  once  more  the  oldest  fossilif erous  strata  which  we  had  left 
in  latitude  22°S.  on  the  eastern  coast  of  Australia.  In  fact,  Suess 
writes  (Vol.  Ill,  Part  i,  p;  278) :  "Le  chemin  de  fer  et  la  route  qui, 
de  Mandalay,  ont  6t6  construits  vers  le  N.E.  par  Thibaw  jusqu'au 
bac  de  Kunlon'  sur  la  Salouen,  longent  sur  de  grandes  distances  la 
direction  (N.N.E.  ou  E.N.E.)  des  roches.  Les  terrains  les  plus 
anciens  sont  k  I'Ouest;  au  voisinage  de  Mandalay  se  montrent  les 
couches  inf  6rieures  de  la  s6rie,  peut-fitre  cambriennes,  puis  le  Silurien 
inf6rieur,  le  Silurien  sup6rieur,  un  grfes  rouge  pinc6  dans  les  plis, 

'  Kun-long,  just  to  the  south  of  the  Tropic  of  Cancer. 


Digitized  by 


Google 


AEQUINOCTIA,  AN  OLD  PALEOZOIC  CONTINENT         571 

et  enfin  la  plaine  rficente  du  Salouen.  ...  ie  Silurien,  qffecU  de 
pits,  presente  une  grande  varUU  de  fades. ^^^  The  Silurian  fossils 
of  the  Northern  Shan  States  have  not  yet  been  found  in  the  above- 
mentioned  limestone  series  of  the  southern  highland  of  the  Shan 
(Vol.  in,  Part  I,  p.  281). 

From  Kun-long,  crossing  the  high  ranges  in  a  northwest  direc- 
tion up  to  Bhamo  on  the  Irawaddi,  we  reach  the  mountains  of  the 
Siang-chan,  which  advance  toward  the  north  (p.  277).  They 
consist  of  gneiss  and  crystalline  schists  and,  for  a  great  part,  of 
granite  (p.  277).  On  the  west  these  moimtains  border  on  a  zone  of 
Carboniferous  strata  (p.  277).  Then,  turning  again  to  the  north- 
east, in  the  direction  of  Ta-li-fou,  we  recross  the  above-mentioned 
mountains  of  old  crystalline  rocks,  which  extend  nearly  to  the 
Salwen  in  latitude  about  25°N.  Between  this  river  and  Yoimg- 
tchang-fou,  L6czy  found  at  Poupiao  (latitude  about  25°N.)  the 
Silurian  beds,  whereas  more  to  the  east  (eastward  of  Yoimg-tchang- 
fou)  he  discovered  Upper  Carboniferous  strata  (pp.  276-77).  This 
folded  Paleozoic  zone  is  situated  between  the  Salwen  and  the 
Mekong  (p.  276).  East  of  the  Mekong  a  broad  zone  of  sandstone 
presenting  the  fades  of  the  Flysch  leads  to  the  range  of  the  Tsang- 
chan,  consisting  of  crystalline  schists.  Next  follows  another  sedi- 
mentary zone,  composed  principally  of  Upper  Carboniferous  strata 
which  extend  to  the  north,  from  I'ali-fou  to  Batang  (p.  276). 

We  need  not  continue  in  details  our  travel  to  the  north  and  east, 
but  we  may  limit  ourselves  to  a  few  remarks.  In  the  north  the 
Upper  Carboniferous  strata  play  a  somewhat  important  part, 
stretching  themselves  unconf ormably  over  older  folded  and  denuded 
series  of  the  Lower  Paleozoic.  After  their  deposition,  there  fol- 
lowed a  new  folding  and,  with  regard  to  its  tectonic  history,  this 
territory  offers  a  fair  similarity  to  many  other  countries  of  Eurasia 
(p.  276).  Very  far  in  the  northeast  of  Central  China,  appear  on 
one  side  the  gneiss  and  crystalline  schists,  and  on  the  other  the 
oldest  Paleozoic  beds,  all  strongly  pinched  in  successive  mountain 
ranges.  In  the  west,  Silurian  and  Devonian  series  predominate 
(pp.  266-75);  ^  the  east,  next  to  these,  there  are  Cambrian  strata 
(pp.  294-95).    In  Central  and  Northern  China  these  formations  of 

*  The  italics  are  mine.  • 
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the  Old  Paleozoic  attain  a  considerable  development,  as  has  been 
pointed  out  by  von  Richthofen/  Willis,*  and  others,  as  well  as 
myself.*  Concerning  the  Cambrian  highland  of  Ordos,  north  of 
the  Tsing-ling-chan,  we  refer  also  to  Suess  (Vol.  II,  pp.  303  ff., 
and  Vol.  Ill,  Part  i,  pp.  252  and  263).  In  that  part  of  China 
imfolded  Cambrian  beds  lie  unconformably  on  folded  and  denuded 
Archean  formations. 

We  need  not  go  farther  north,  but  now  we  return  to  Southern 
China,  about  which  Suess  (Vol.  Ill,  Part  i,  p.  297)  informs 
us:  ^^Leclfere^  signale  ...  prfes  de  Hoai-yuen,  au  Sud-Ouest  de 
Kouen-lin,  une  arfete  de  terrains  prficambriens  et  un  culot  de 
granite,  accompagne,  k  TOuest,  sur  le  Sikiang,  par  des  roches 
prfecambriennes."  And  always  following  Suess,  we  proceed  back 
again  from  Ta-li-fou  to  Cambodge,  this  time  by  the  way  of  Yun 
Nan,  Tonkin,  and  Annam.  According  to  him  (Vol.  Ill,  Part  i, 
p.  287),  the  mountain  chains  divide.  The  western  oneSf  the  Bir- 
man  diains,  we  have  followed  in  a  zigzag  way  from  south  to  north. 
The  eastern  chains  lead  in  a  southeastern  direction  to  the  Cordil- 
leras of  Annam.  Without  entering  into  details,  we  may  say  that, 
between  Ta-li-fou  and  Indo-China,  the  oldest  fossiliferous  rocks 
continue  gradually  to  disappear.  It  is  only  more  eastward,  at 
Lou-nan  (east  of  Yun-nan-fou),  that  Leclfere  recognized  series  of 
the  Middle  and  the  Upper  Devonian,  together  with  various  forma- 
tions of  the  Carboniferous  and  the  Permian  (p.  296).  The  tectonic 
relation  between  these  rocks  and  those  of  the  above-mentioned 
pre-Cambrian  (also  discovered  by  Leclfere)  cannot  yet  be  estab- 
lished. We  read  in  Suess  (Vol.  Ill,  Part  i,  p.  297) :  "Les  relations 
de  ces  anciens  terrains  ne  se  d6gagent  pas  encore  avec  nettete  des 
documents  publics  jusqu'i  pr6sent.     II  n'est  gufere  possible  de  dire 

» F.  von  Richthofen,  China,  $  volumes  and  one  atlas;  Vol.  1, 1877;  Vol.  II,  1882; 
Vol.  IV,  1883,  atlas  North  China,  1885;  Vols.  Ill,  V;  and  aUas,  South  China,  1911. 

*  B.  Willis  and  E.  Blackwelder,  Research  in  China,  2  volumes  and  one  atlas; 
Vol.  I,  1907. 

^  £.  C.  Abendanon,  *'La  G6ologie  du  Bassin  Rouge  de  la  province  du  Se-Tchouan," 
Rev.  Univ.  des  Mines,  etc.,  Lidge,  1906.  E.  C.  Abendanon,  "Structural  Geology  of 
the  Middle  Yang-tzikiang  Gorges,"  Journal  of  Geology,  1908. 

*A.  Lecldre,  "Etude  g6ologique  des  provinces  chinoises  voisines  du  Tonkin," 
Annales  des  Mines,  1 900-1901. 
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s'ils  aupr6sentent  le  substratum  de  la  plate-forme  calcaire  comme 
aupres  d^I-tchang'  ou  s'ils  font  partie  du  massif  ancien  qui  existe 
probablement  dans  la  Sud-Est  de  la  Chine,  en  formant  un  avant- 
pays  ind6pendant  des  Altaides.'' 

The  most  recent  data  about  a  fairly  considerable  area  of  the 
eastern  part  of  the  Chinese  province  of  Yun  Nan  are  supplied  by 
Deprat.'    This  explorer  gives  many  details.    He  writes  (p.  44) : 

Les  terrains  m6tamorphiques  ou  granitiques  n'apparaissent  que  dans  le  S., 
dans  la  vallee  du  Fleuve  Rouge.  ... 

Le  Cambrien  offre  un  d^veloppement  enorme  au  Yun-Nan,  aussi  bien 
dans  son  extension  verticale  qu'horizontale;  les  siries  fossilifhres  sont  abon- 
dantes.i 

J*ai  d6couvert  rOrdovicien  au  N.  d'Yi-leang.  Le  Gothlandien  paralt 
represente  dans  la  mtoe  region. 

Le  D6vonien  complet  offre  un  developpement  colossal  au  Yun-Nan.  J'ai 
reconnu  le  Devonien  inferieur.  Dans  le  Mesodov6nien,  TEifelien  et  le 
Giv6tien  sont  bien  caract6rises,  de  m^me  que  le  Frasnien  et  le  Famennien 
dans  le  Devonien  sup6rieur. 

Nous  avons  pu  affirmer  la  presence  du  Dinantien,  represente  par  plusieurs 
niveaux.    Le  Moscovien  offre  un  developpement  enorme,  ainsi  que  TOuralien. 

AbouJ  the  relation  between  all  these  formations,  Deprat  goes 
into  details,  too,  and  he  informs  us  that  the  structure  of  this 
territory  is  very  complicated.  According  tolbim  (pp.  251-60),  a 
local  orogenic  movement  (in  the  southeastern  part  of  Yun  Nan) 
took  place  after  the  Cambrian;  there  was  iminterrupted  sedi- 
mentation during  the  Silurian,  and  the  corresponding  beds  ought 
to  exist  from  Kwei-chow  in  the  east  to  Burma  in  the  west.  The 
sedimentation  continued  until  the  Muscovian  in  well-developed 
series.  Then  there  followed  a  strong  ante-Uralian  folding;  the 
Uralian  formation  lies  unconformably  on  the  denuded  folds  of 
the  Old  Paleozoic.  At  the  end  of  the  Permian,  when  marine 
sedimentation  came  to  an  end  and  before  any  deposit  of  Lower 
Triassic  sediments  had  taken  place,  a  very  intense  orogenic  move- 
ment occurred.    After  that,  Deprat  writes  (p.  252):   **La  derniere 

'  Situated  on  the  Yang-tzi-kiang,  at  the  point  separating  the  middle  from  the 
lower  part  of  this  river. 

*  J.  Deprat  et  H.  Mansuy,  Etude  giologique  du  Yun-Nan  oriental ,  Vol.  I,  Fasc.  I,  i" 
partie,  Hanoi-Haiphong,  191 2. 

3  The  italics  are  mine. 
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phase  principale  de  plissement,  dont  rintensitfe  a  6t6  veritablement 
trSs  grande,  est  la  phase  de  dislocation  post-triasique,  dont  les 
efifets  ont  €t€  considerables;  je  la  considdre  avec  M.  Lantenois 
cdhune  une  phase  himalayenne:  (p.  257)  Tensemble  du  Yun-Nan 
est  alors  pliss6  d'une  fajon  trfis  6nergique,  les  charriages  y  prennent 
une  amplitude  trds  grande  et  la  region  du  haut  Fleuve  Bleu  (Yang- 
ts6-Kiang),  prolongement  sud  du  Yung-ling-chan,  est  charri6e  sur 
la  region  yunnannaise."  The  last  movements  were  due  to  the 
upheaval  which  raised  Yim  Nan  to  the  relatively  high  altitude 
which  it  occupies  nowadays.  They  occurred  during  the  Plio- 
Pleistocene.* 

It  is  clear  that  the  tectonic  movements  of  Yun  Nan,  where  the 
excessive  thick  Old  Paleozoic  series  appear  on  such  an  extensive 
area  and  with  a  particularly  great  richness  of  fossils,  have  been 
extremely  intense  and  nimierous. 

In  Northern  Annam,  F.  Deprat'  discovered  at  Ben-Thuy  the 
Ordovician,  and  he  believes  that  this  formation  will  also  be  dis- 
covered in  Tonkin  and  Laos.  The  Devonian  and  Dinantian  are 
also  represented  in  this  region,  and  the  Uralian  is  once  more  in 
transgression  (exactly  as  in  Yun  Nan)  upon  a  folded  and  denuded 
territory  of  the  older  Paleozoic. 

In  the  same  way  as  in  the  Northern  Shan  States  far  to  the  west, 
here  in  the  east  of  Southeastern  Asia  we  find  the  most  southern 
country  where  fossils  of  the  Old  Paleozoic  have  been  discovered; 
for  according  to  Suess,  in  the  plain  of  Tonkin  soft  schists  have 
been  assigned  to  be  Devonian;  but  this  point  is  far  from  being  sure 
(Vol.  II,  p.  277).  In  the  island  of  Hai-Nan,  we  find  Suess  men- 
tioning (Vol.  Ill,  Part  I,  p.  297)  that  according  to  Madrolle,  the 
center  of  the  island  is  composed  of  granite  and  schists,  and  is 

'These  last  movements  of  epirogenic  character,  giving  rise  to  the  phenomena 
of  what  I  have  called  anticlinal  distraction  (in  a  booklet  titled  Die  Grossfalten  der 
Erdrinde,  Leyde,  Holland,  1914),  which  phenomena  led  to  the  forming  of  important 
tectonic  depressions,  are  so  completely  similar  to  those  of  the  Plio-Pleistocene  period 
in  Central  Celebes,  where  I  have  classified  them  together  in  a  single  process  of  grand- 
folding,  that  I  do  not  hesitate  to  identify  the  most  recent  epirogenic  movements  of 
Yun  Nan  with  those  of  Central  Celebes,  the  latter  having  induced  the  upheaval  of 
this  country  to  its  present  high  altitude. 

»"Sur  la  d^couverte  de  TOrdovicien,  k  Trinucleus,  et  du  Dinantien  dans  le 
Nord-Annam,  etc.,"  Comp.  Rend.  Ac.  d.  5c.,  28-5-12,  T.  154,  pp.  1452-54. 
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surrounded  by  a  sandy  argillaceous  formation  of  red  color  in  the 
north  and  yellow  in  the  east. 

Patches  of  Carboniferous  limestone  occur  more  abundantly 
as  we  approach  the  Cordilleras  of  Annam,  on  the  east  coast. 
Suess  mentions  (Vol.  Ill,  Part  i,  p.  297)  that  Bell  crossed  these 
Cordilleras  in  a  westerly  direction,  starting  from  Tourane  (on  the 
eastern  coast  of  Annam,  by  latitude  i6®io'N.).  They  appear  to 
be  composed  of  various  zones,  first  of  dioritic  and  granitic  rocks, 
then  of  gneiss  and  crystalline  schists,  and  lastly  of  rather  recent 
formations  (Vol.  II,  p.  275,  and  Vol.  Ill,  Part  i,  p.  297).  The 
granitic  rocks  advance  toward  the  south,  along  the  coast,  from 
latitude  i4®N.  to  Cape  St.  Jacques,  southeast  of  Saigon,  and  they 
must  be  the  southern  extremity  of  a  very  long  mountain  chain 
stretching  in  a  northern  direction  to  the  granite  highland  of  Laos 
(Vol.  n,  p.  275). 

In  this  way  we  come  back  to  the  old  low  massif  of  Cambodge 
and  to  the  delta  of  the  Mekong,  in  Cochin-China. 

Like  Australia  to  the  southeast,'  Cochin-China  and  Tonkin 
constitute  very  old  uplands  (Suess,  Vol.  I,  p.  607)  to  the  northwest 
of  the  East  Indian  Archipelago.  Between  these  uplands  we  have 
the  granite  massifs  of  southwest  Borneo,  which  separate  the  folds 
of  the  eastern  part  of  this  island  into  two  zones,  one  extending 
toward  the  west  and  the  other  toward  the  south,  the  massifs  of 
granite,  gneiss,  and  crystalline  schists  of  Central  Celebes  and  the 
horsts  of  Boeroe  and  Ceram  which,  together  with  others,  are 
probably  part  of  an  old  massif  (Suess,  Vol.  Ill,  Part  3,  p.  1036). 

It  is  only  southward  from  latitude  22®S.,  along  the  eastern  coast 
of  Australia  on  one  side,  and  northward  from  the  Shan  states, 
North  Annam,  and  Yim  Nan  on  the  other  side,  that  the  Silurian  and 
Devonian  appear.  Then,  on  the  northern  side,  more  to  the  north, 
exists  the  Cambrian  and  the  pre-Cambrian  beneath.  The  latter 
plays  an  important  part  to  the  south,  but  still  more  north  of  the 
Tsing-ling-chan  in  China.  On  the  southern  side  (viz.,  in  Australia), 
however,  these  last-mentioned  two  formations  do  not  appear. 

In  the  intermediate  territory,  to  which  the  archipelago  belongs, 
outcrops  of  old  crystalline  schists  occur  in  many  places,  but  no 
expl6rer  has  discovered  any  fossils  of  the  Old  Paleozoic. 
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The  Old  Paleozoic  series  which  border  the  periphery  of  the  above- 
mentioned  territory  are  strongly  folded.  The  geo-metamorphic 
processes  in  those  areas,  that  are  nevertheless  characterized  by 
their  fossils,  have  certainly  not  been  less  powerful  than  in  the 
intermediate  territory  stretching  from  latitude  2o®N.  to  latitude 
22°S.,  over  the  southeastern  part  of  Asia,  the  Dutch  East  Indian 
Archipelago,  New  Guinea,  and  part  of  Australia. 

Is  it  then  credible  that  in  this  extensive  territory,  the  extent 
of  which  from  southwest  to  northeast  is  not  known,  all  fossils  of 
the  Old  Paleozoic  should  have  disappeared?  What  particular 
reasons  not  valid  for  Southeastern  Asia  and  Eastern  and  South- 
eastern Australia,  could  plausibly  explain  their  disappearance  ?  Is 
it  not  more  logical  to  consider,  under  these  circumstances,  the 
absence  of  fossils,  not  as  an  indirect  proof,  but  as  a  powerful 
argument  for  the  hypothesis  that  in  the  above-outlined  territory 
there  never  existed  any  Old  Paleozoic  fossils  ? 

Is  it  not  in  the  same  way  remarkable  that  the  same  trans- 
gression of  the  Upper  Carboniferous  and  the  Permain  over  the 
folded  and  denuded  folds  of  the  Old  Paleozoic,  which  has  been 
observed  as  well  in  Southeastern  Asia  as  in  Eastern  Australia,  is  also 
apparent  in  some  parts  of  the  intermediate  territory  (for  instance, 
in  the  west  of  Sumatra  and  in  the  island  of  Timor),  whereas  fossils 
of  the  Old  Paleozoic  have  nevertheless  not  been  found  there  ? 

From  the  above-stated  considerations  it  seems  not  only 
possible  to  deduce  a  precise  conclusion  about  the  age  of  the  crystal- 
line schists  formation,  but  also  to  deduce  others  of  essential 
interest.    They  are  the  following: 

1.  The  gneiss,  the  mica  schists,  the  phyllites,  and  the  real  "old'* 
schists  (thus  with  the  omission  of  the  rocks  which  do  not  make 
part  of  them)  must  be  Archean  and  pre-Cambrian  rocks. 

2.  They  once  built  up  an  Old  Paleozoic  continent,  which 
extended  at  least  over  an  area  of  45®  in  latitude,  between  the 
tropics,  from  the  southeast  of  Asia  to  the  east  of  Australia.  Its 
development  from  southwest  to  northeast  is  unknown,  owing  to  the 
presence  of  the  Indian  and  Pacific  oceans,  but  at  all  events  this 
continent  must  have  included  most  of  Sumatra  on  the  southeast, 
and  the  Philippine  Islands  on  the  northeast,  considering  that,  in 
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those  countries  too,  there  has  not  yet  been  found  any  fossil  of  the 
Old  Paleozoic.  To  the  west,  it  may  have  stretched  out  as  far  as 
Madagascar. 

3.  In  the  central  part,  north  and  south  of  the  equator,  moun- 
tain ranges  of  an  almost  east-west  direction  must  have  played  an 
important  part  in  this  very  old  continent. 

4.  The  Cambrian  deposits  on  the  north  leaned  against  it,  but 
in  the  south  they  have  not  been  found.  Nevertheless  they  may 
have  existed  south  of  Australia,  where  the  ocean  now  is. 

5.  In  the  north,"  to  a  large  extent  toward  the  south,  and  in  the 
south,  fairly  far  toward  the  north,  a  transgression  passed  over  the 
border  areas  of  this  continent  during  the  Silurian,  the  Devonian, 
and  the  Lower  Carboniferous  periods  (with  a  secondary  uncon- 
formabiUty). 

6.  Then  a  folding  occurred  of  these  sediments  of  the  Old 
Paleozoic.  Border  ranges  were  formed  at  the  periphery  of  the  old 
continent  which,  from  a  tectonic  point  of  view,  are  similar  to  the 
Tertiary  Cordilleras. 

7.  During  the  Middle  Carboniferous,  denudation  and  leveling 
took  place. 

8.  Lastly,  the  transgressions  of  the  Upper  Carboniferous  and 
the  Lower  Permian  seas  invaded  (with  a  real  unconformabiUty), 
not  only  the  denuded  Eopaleozoic  border  ranges,  but  also  part  of 
the  old  continent  itself. 

To  this  continent,  the  existence  of  which  during  the  Old 
Paleozoic  seems  to  be  evident,  I  give  the  name  of  Aequinociia. 

It  was  during  the  Permo-Carboniferous  that  its  dislocation 
began,  in  the  territory  of  the  Dutch  East  Indian  Archipelago. 
The  demembration  of  this  oldest  continent  must  have  continued 
during  the  Mesozoic  and  the  Tertiary;  and  so  it  became,  in  time, 
one  of  the  most  unsteady  parts  of  the  earth's  crust.  In  this  con- 
nection it  is  interesting  to  observe  that  the  territory  of  the 
archipelago  exhibits  nowhere  the  tremendous  development  of  the 
Mesozoic  which  has  been  observed,  for  instance,  in  the  Alps^ 
though  uninterrupted  sedimentation  has  taken  place  in  some 
regions  during  the  whole  Mesozoic  and  part  of  the  Tertiary.  As  a 
rule,   however,   complete  series   appear   hardly  anywhere.    This 
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peculiarity  can  best  be  explained,  I  venture  to  suggest,  by  the 
aforesaid  demembration  of  the  original  old  territory. 

A  last  question  before  concluding:  Is  it  probable,  in  the  future, 
that  there  may  still  be  discovered  in  this  territory  fossils  of  the 
Old  Paleozoic  ?  Will  it  be  the  same  with  Aequinoctia  as  with  the 
Jurassic  Sino- Australian  continfent  of  Neumayr  ? 

The  numerous  explorers  who  have  worked  in  so  many  diflFerent 
parts  of  this  region,  still  so  unknown  in  the  time  of  Neumayr,  have 
succeeded  in  the  course  of  years  in  making  known,  as  we  have  seen, 
in  a  fairly  continuous  series,  every  period  from  the  Upper  Car- 
boniferous to  the  Recent.  Older  fossils  have  not  as  yet  been 
discovered,  notwithstanding  the  greatest  efforts  and  the  closest 
attention,  and  in  spite  of  the  fact  that  the  rocks  preceding  the 
Upper  Carboniferous  outcrop  in  large  areas  and  are  frequently 
deeply  cut  by  erosion,  thus  offering  very  favorable  points  of  inves- 
tigation. Under  these  circumstances,  I  suppose  that  the  hypoth- 
esis of  the  existence  of  Aequinoctia  during  the  Old  Paleozoic 
may  be  maintained. 
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^  *  '  In  the  T^tem  part  of  the  town  of  Westfield,  Massachusetts,  a 
number  of  quarries  have  been  opened  in  the  Holyoke  diabase  sheet. 
These  quarries  are  the  same  which  have  furnished  the  beautiful 
datolite  specimens  which  are  to  be  foimd  in  all  collections.  The 
diabase  or  trap  in  which  these  quarries  are  located  is  the  middle 
or  main  extrusive  trap  sheet  of  the  Connecticut  Valley  Triassic 
area.  Here  the  main  portion  of  the  sheet  is  composed  of  a  gray 
holocrystalline  diabase  of  fine  to  mediimi  grain  not  unlike  the 
intrusive  traps  which  form  East  and  West  Rocks  near  New  Haven. 
In  the  northernmost  of  the  four  quarries  there  occur,  included  in 
the  normal  rock,  irregular  areas  of  a  gabbroid  rock  very  unusual  in 
appearance  for  an  extrusive  lava.  While  studying  the  occurrence 
of  datolite  and  other  secondary  minerals  in  these  quarries,  the 
writer's  attention  was  attracted  to  these  very  coarse-grained  phases 
of  the  sheet  and  they  were  examined  in  some  detail  At  first  it 
was  believed  that  they  represented  a  later  intrusion  which  had 
chanced  to  penetrate  the  previously  existing  flow,  but  a  study  of 
the  relations  of  the  coarse  material  to  the  surrounding  diabase  of 
normal  grain  led  to  the  abandonment  of  this  view.  The  contact 
with  the  surrounding  rock  is  sharp,  the  transition  from  coarse  to 
fine  material  being  accomplished  in  a  distance  of  an  inch  or  less. 
The  coarse-grained  gabbro  forms  irregular  rounded  areas  often 
many  yards  in  diameter  in  the  finer-grained  diabase.  In  the  hand 
specimen  this  coarse  rock  shows  broad  blades  of  bronzy  greenish- 
black  pyroxene  which  reach  an  inch  or  more  in  length,  imbedded 
in  a  coarse  granular  aggregate  of  pyroxene  and  greenish  feldspar. 
Under  the  microscope  the  rock  is  seen  to  be  composed  of  large 

'Published  by  permission  of  the  Secretary  of  the  Smithsonian  Institution. 
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crystals  of  pyroxene  and  plagioclase  in  a  subordinate  fine-grained 
ground-mass  composed  largely  of  needle-like  crystals  of  plagioclase 
with  interstitial  augite  in  anhedral  patches  now  largely  altered  to 
a  greenish-brown  chlorite  which  is  probably  diabantite.'  The  large 
pyroxene  phenocrysts  are  rather  pale  greenish-brown  in  color,  with 
well-developed  cleavage.  They  are  unaltered  and  are  in  part 
transparent  and  in  part  turbid  from  the  presence  of  an  opaque 
brownish  pigment.  They  are  not  commonly  simple  but  are 
bladed  aggregates  made  up  of  a  number  of  irregular  interlocking 
crystals  not  quite  in  parallel  position  so  that  they  do  not  all 
extinguish  simultaneously.  In  composition  this  pyroxene  is 
ordinary  augite.  The  plagioclase  phenocrysts  are  characterized 
by  rather  narrow  twinning  lamellae  and  are  near-basic  andesine 
in  composition.  The  most  striking  microscopic  feature  of  the 
rock  is  the  presence  of  broad  patches  of  a  graphic  intergrovrth  of 
plagioclase  and  augite  in  fixed  orientation,  giving  remarkable 
pegmatitic  textures  entirely  analogous  to  the  quartz-feldspar 
aggregates  of  graphic  granite.  In  places  a  phenocryst  of  plagioclase 
terminates  in  a  branching  fernlike  intergrowth  of  plagioclase  and 
augite. 

A  question  naturally  arises  as  to  the  origin  of  such  coarse  forms 
in  an  intrusive  flow  less  than  a  hundred  feet  in  thickness.  Ordi- 
narily such  surface  flows  cool  too  rapidly  to  permit  the  growth  of 
large  crystal  individuals.  The  mode  of  occurrence  of  this  coarse 
phase  indicates  that  the  large  crystals  of  plagioclase  and  augite 
were  formed  after  the  lava  had  reached  its  present  position  and 
precludes  the  supposition  that  it  was  intruded  into  the  extrusive 
sheet  after  the  sheet  had  been  buried  by  later  sedimentation. 
Emerson^  has  described  similar  coarse  forms  from  this  trap  sheet 
further  north  associated  with  mudstone,  pitchstone,  etc.,  formed 
by  the  molten  lava  coming  in  contact  with  water  and  mud. 
Strangely  enough,  he  attributes  the  coarseness  of  grain  of  the 
plumose  diabase  to  sudden  cooling  or  quenching  of  the  molten 

*  Earl  V.  Shannon,  "Diabantite,  Stilpnomelane,  and  Chalcodite  from  Westficld, 
Massachusetts,"  Proc.  US.  Nat.  Mus.    In  print. 

"  B.  K.  Emerson,  ^'Plumose  Diabase  and  Palognite  from  the  Holyoke  Trap 
Sheet,"  BuU.  Geol.  Soc.  Amer.,  XVI  (1905),  91. 
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material  by  the  water.  This  is  qiiite  contrary  to  our  knowledge 
of  the  effect  of  the  rate  of  cooling  upon  the  grain  of  igneous  rocks. 
The  writer  after  some  study  has  reached  the  conclusion  that  the 
coarseness  of  crystallization  of  the  gabbroid  diabase  is  due  to 
absorption  of  confined  water  by  the  still  molten  portion  of  the 
flow,  with  the  formation  of  miniature  pegmatite  chambers.  Quite 
certainly  here  as  elsewhere  the  lava  of  this  flow  encountered  moist 
mud  flats  and  ponds  of  water.  The  coarse  gabbro  occurs  for  the 
most  part  near  but  not  at  the  top  of  the  flow.  If  we  may  con- 
ceive the  top  of  the  flow  as  forming  here  a  resistant  crust  due  to 
early  solidification,  the  water  from  below  heated  to  a  high  tempera- 
ture and  ascending  through  the  still  molten  lava  must  come  to  rest 
beneath  the  previously  solidified  crust  and  might  readily  be  con- 
ceived to  mix  with  the  still  molten  material  to  form  a  magma 
rich  in  volatile  constituents  and  thus  capable  of  remaining  fluid 
for  longer  periods  and  at  lower  temperatures  than  when  in  its 
original  dry  state.  This  would  permit  the  formation  of  coarse- 
grained pegmatitic  textures  like  those  here  described.  Emerson 
has  shown  in  the  paper  cited  that  water  did  ascend  through  the 
flow  and  that  such  water  in  some  instances  caused  explosions  rup- 
turing the  upper  crust.  It  is  easy  to  understand  how  pressures 
could  obtain  in  a  pegmatitic  chamber  of  the  sort  indicated  sufiicient 
to  rupture  the  roof  of  solid  diabase  after  the  formation  of  large 
plumose  crystals  of  augite  was  well  advanced.  The  remaining 
molten  material  would  be  chilled  following  the  explosion  and  yield 
perlitic  glasses  associated  with  plumose  diabases  exactly  in  the 
manner  described  by  Emerson. 
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THE  RIGIDITY  OF  THE  EARTH 

A.  A.  MICHELSON  and  HENRY  G.  GALE 


In  1914,  in  the  March  number  of  the  Astrophysical  Journal 
(39,  105,  1914),  an  account  was  published  of  a  preliminary  experi- 
ment to  determine  the  rigidity  of  the  earth.  At  that  time  it  was 
announced  that  the  experiment  would  be  repeated,  using  an  inter- 
ference method.  The  new  arrangements  were  completed  and  a 
new  series  of  observations  begun  on  November  20,  1916,  and  con- 
tinued until  November  20,  1917.  The  reduction  of  the  observa- 
tions was  interrupted  by  the  war  in  the  smnmer  of  191 7  and 
could  not  be  resumed  until  April  1919. 

The  same  pits  and  pipes  on  the  groimds  of  the  Yerkes  Observa- 
tory at  Williams  Bay,  Wisconsin,  were  used  as  in  the  preliminary 
experiment.  In  that  experiment  pipes  502  feet  long  and  6  inches 
in  diameter  were  placed  6  feet  imderground.  One  pipe  was  laid 
accurately  N-S  and  the  other  E-W.  The  pipes  ended  in  pits 
10  feet  deep  and  8  feet  square,  walled  with  concrete.  The  pipes 
were  carefully  leveled,  and  half  filled  with  water,  so  that  an  air  space 
extended  from  end  to  end  of  each  pipe,  above  the  water.  The 
pipes  ended  in  air-tight  gauges  provided  with  windows  through 
which  the  changes  in  water-level  could  be  determined  by  measuring 
with  microscopes  the  distance  between  pointers  just  below  the 
surface  of  the  water  and  their  totally  reflected  images. 
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In  the  present  experiment  interferometers  replaced  the  miao- 
scopes  and  pointers.  The  arrangement  of  the  interferometers,  one 
at  each  end  of  each  pipe,  is  shown  in  Figure  i.  The  compensating 
glass  serves  to  seal  the  pipe.  The  lower  mirror  is  movable  verti- 
cally and  has  also  the  usual  adjustments  for  regulating  the  width 
and  orientation  of  the  fringes.  The  film  of  water  over  this  mirror 
is  kept  thin,  usually  about  o. 5  mm,  as  the  viscosity  of  the  water 


Fig.  I 

helps  to  dampen  ripples  and  minor  disturbances.  The  changing 
thickness  of  the  water  film,  due  to  the  tides,  caused  the  shift  of 
fringes.  The  arrangement  for  recording  the  fringes  was  as  foDows: 
Horizontal  fringes  were  projected  by  the  lens  Z  on  a  narrow  vertical 
slit  about  o .  2  mm  in  width.  Clockwork  drew  a  moving-picture 
film  behind  this  slit  at  the  rate  of  about  2  cm  per  hour.  In  order 
to  prevent  the  condensation  of  moisture  on  the  optical  parts  the 
end  of  the  pipe,  interferometer,  and  camera  were  all  inclosed  in  a 
galvanized  iron  box,  in  which  large  trays  of  caldmn  chloride  were 
kept.  An  incandescent  light  was  continually  burning  near  the 
interferometer  to  keep  the  temperature  slightly  raised. 
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Other  interference  arrangements  are  obvious  which  would  give 
a  displacement  of  a  greater  number  of  fringes,  or  permit  the  use  of 
a  shorter  pipe;  e.g.,  the  fringes  formed  between  the  water  surface 
and  the  lower  mirror  might  be  used,  or  the  lower  mirror  might  be 
dispensed  with  and  use  made  of  the  fringes  formed  by  the  light 
reflected  from  the  water  surface  and  the  vertical  mirror.  But  the 
arrangement  actually  used  was  the  most  satisfactory,  since  the 
long  pipes,  502  feet,  were  already  installed. 

The  sources  of  light  were  commercial  alternating-current  Cooper- 
Hewitt  mercury  lamps.  They  proved  very  reliable  and  satis- 
factory. By  using  as  filters  thin  films  of  a  saturated  solution  of 
esculin  in  water,  all  wave-lengths  from  the  arc  shorter  than  X  4358 
were  absorbed,  and  the  positive  film  used  was  not  sensitive  to  the 
longer  wave-lengths.  The  exposed  portions  of  the  films  were 
removed  and  developed  each  week.  The  light  was  abundantly 
strong  for  satisfactory  negatives,  and  it  was  possible  to  use  i .  5  mm 
diaphragms  on  the  projecting  lenses.  This  gave  sufficient  sharpness 
to  the  fringes,  even  when  there  was  a  considerable  change  in  their 
focus.  It  was  necessary  to  readjust  and  refocus  the  fringes  in  only 
one  pit  during  the  entire  year,  although  the  width  of  the  fringes 
was  altered  once  or  twice  in  two  other  pits.  One  of  the  mirrors 
required  resilvering.  One  of  the  pits  ran  throughout  the  year 
without  readjustment  of  the  fringes  or  camera.  The  pits  and 
cameras  were  in  charge  of  Mr.  George  Monk  and  Mr.  Fraxik 
Sullivan,  of  the  Yerkes  Observatory  staflf. 

A  relay  which  moved  a  shutter  in  front  of  the  projecting  lens 
was  placed  in  each  pit.  The  four  relays  were  connected  in  series 
with  a  clock  in  the  observatory,  so  that  the  time  could  be  con- 
veniently and  accurately  controlled.  Once  an  hour  the  clock 
made  contact,  and  a  storage-battery  circuit  was  closed  through  the 
relays  and  the  light  was  cut  off  by  the  shutters  for  about  20  seconds. 
Very  accurate  time-marks  were  secured  in  this  way.  The  control 
clock  was  kept  six  minutes  faster  than  Central  Standard  Time  in 
order  to  simplify  the  computations  and  bring  the  observations 
into  agreement  with  them.  (The  longitude  of  Yerkes  Observatory 
from  Greenwich  is  5^  54°*  13".) 
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The  films  were  measured  by  sliding  them  on  a  lathe-bed  beneath 
a  low-powered  microscope.  The  fringes,  estimated  to  tenths,  were 
counted  as  they  moved  up  and  down,  and  the  numbers  recorded 
for  each  hour.  The  diflference  in  the  motion  at  the  two  ends  of 
each  pipe  gave  the  numbers  for  plotting  the  observed  tides. 

The  calculated  tides  were  drawn  from  the  computed  shift  in 
fringes,  the  calculations  being  made  for  two-hour  intervals.  The 
calculations  were  made  under  the  direction  of  Professor  F.  R. 
Moulton  by  Mr.  Albert  Bamett  and  Mr.  Horace  Olsen.  The 
formulae  are  given  in  the  accompanjring  article  by  Professor  Moul- 
ton, "Theory  of  Tides  in  Pipes  on  a  Rigid  Earth."  The  value  of 
II  for  the  water  used  was  found  to  be  i  .3408  for  X  4358,  and  this  is 
probably  correct  to  within  considerably  less  than  o .  i  per  cent  for 
the  range  of  temperatures  used. 

Calculated  and  observed  curves  for  the  period  from  March  24 
to  April  21,  1917,  are  reproduced  in  Figures  2  and  3.  The  dotted 
curve  represents  the  observed  and  the  full  curve  (displaced  verti- 
cally to  avoid  overlapping)  0.7  of  the  calculated  values  of  the 

tides.    The  ordinates  are  numbers  of  fringes,  N^  ,  and 

A 

one  fringe  corresponds  to  1/1564  mm. 

The  observed  and  calculated  curves  were  plotted  on  long  rolls 
of  co-ordinate  paper  to  the  following  scale:  abscissae,  i  cm  = 
I  hour;  ordinates,  i  cm»2  fringes.  In  order  to  have  the  ampli- 
tudes approximately  equal,  o.  7  of  the  calculated  values  were  plotted 
instead  of  the  full  amplitudes.  Beginning  with  10 :  00  a.m.  Novem- 
ber 20,  1916,  the  curves,  both  observed  and  calculated,  were 
divided  into  periods  of  12^42  for  the  semi-diurnal  and  25^82  for  the 
diurnal  lunar  tides.  The  principal  solar  tide,  period  twelve  hours, 
was  started  at  noon  of  the  same  day.  In  order  to  avoid  a  cumu- 
lative error  in  the  case  of  the  semi-diurnal  lunar  tide  the  period 
12^4206013  was  put  on  a  computing  machine  and  added  repeatedly 
to  the  initial  time  to  get  the  exact  beginning  of  each  new  period 
throughout  the  year.  This  process  was  repeated,  using  the  period 
25^8193409  for  the  diurnal  lunar  tide. 

The  observations  were  reduced  in  groups  of  about  a  lunar 
month  each,  by  dividing  each  period  into  ten  equal  parts  (twelve 
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in  the  case  of  the  solar  tide),  and  taking  the  mean  of  the  first, 
second,  third,  etc.,  ordinates.  The  restdting  values  were  plotted 
and  any  error  in  computation  was  usually  indicated  by  the  failure 
of  a  point  to  fall  on  a  smooth  curve.  It  is  important  to  treat  the 
observed  and  calculated  tides  both  in  the  same  way,  as  any  dis- 
tortion in  the  resulting  sine  curves  due  to  lack,  of  complete  elimi- 
nation of  other  periods  affects  the  two  alike.  This  is,  of  course, 
most  noticeable  in  the  case  of  the  diurnal  tide  on  account  of  its 
smaller  amplitude  and  the  smaller  number  of  periods.  Mr.  Fred 
Pearson  gave  valuable  assistance  in  measuring  the  films,  in  plotting 
the  curves,  and  in  deducing  the  various  tides  from  the  curves. 

Very  little  trouble  was  caused  by  sudden  erratic  changes  in  the 
fringes.  Occasionally,  however,  earthquakes  would  cause  the 
fringes  to  disappear  for  from  ten  minutes  to  half  an  hour.  Once 
the  effects  of  an  earthquake  were  evident  for  about  six  hours. 
During  three  hours  of  this  time  the.  fringes  were  completely 
obliterated. 

The  most  serious  disturbance  was  a  gradual  change  in  the  slope 
of  the  observed  curves.  This  would  often  be  fairly  imiform  and 
gradual  for  a  month  or  two.  At  some  times  the  curves  would  rise 
and  at  others  fall.  Sometimes  the  N-S  and  E-W  slopes  had  the 
same  sign,  and  sometimes  opposite  signs.  We  have  been  able  to 
discover  nothing  systematic  about  this  drifting.  It  may  have  been 
caused  by  unequal  settling  at  the  ends  of  the  pipes,  by  temperature 
changes  in  the  pits,  or  by  tilting  in  the  earth's  strata.  There  were 
always  large  shifts  of  the  fringes  when  the  lights  came  on  after 
having  been  interrupted  by  the  power  company  for  a  half-hour  or 
so.  The  change  of  slope  was  eliminated  in  reducing  each  monthly 
tide,  as  given  in  Tables  I-VI,  and  the  tide  for  the  whole  year, 
opposite  Y  in  the  tables,  by  distributing  the  change  of  level  imi- 
formly  throughout  the  period.  This  change  of  slope  is  quite 
conspicuous  in  Figure  3,  where  the  observed  E-W  tide  showed  a 
fairly  xmiform  and  distinct  downward  trend  throughout  nearly  the 
whole  month.  The  change  in  slope  of  the  N-S  curves  for  the  same 
period  is  comparatively  small,  as  shown  in  Figure  2. 

Plate  III  is  from  four  photographs  taken  simultaneously  in 
the  four  pits.    The  reproductions  are  positives  on  the  same  scale 
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as  the  originals,  and  represent  fairly  well  the  average  quality  of 
the  films. 

A  graphical  solution  is  excellent  for  detecting  erroneous  points 
and  serves  well  to  give  the  ratio  of  the  observed  to  the  calculated 
amplitude,  but  for  determining  the  phase-difference  of  the  two 
curves  it  is  not  so  satisfactory.  A  least-squares  method  was  there- 
fore used  to  secure  the  ratio  of  amplitudes,  R^  and  the  displacement 
in  phase  A^  of  the  observed  with  respect  to  the  calculated  tide. 
The  following  example  illustrates  the  method  of  reduction.  It  is  for 
the  semi-diurnal  tide,  first  month,  E-W.  For  convenience  the  solar 
periods  were  divided  into  twelve  parts  instead  of  ten,  but  in  other 
respects  the  method  of  reduction  is  the  same. 

In  Tables  I-VI  the  numbers  in  the  columns  under  M  denote 
the  different  approximate  lunar  months;  upider  N  is  given  the 
number  of  periods  used.  For  the  solar  tides  missing  portions  of 
the  observed  curves  were  sketched  in,  following  the  computed  tides, 
thus  giving  a  total  of  730  periods  for  the  year,  but  for  the  semi- 
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diumal  and  diurnal  lunar  tides  only  such  portions  of  the  observed 
curves  were  used  as  gave  complete  periods.  Under  a  and  c  are 
given  the  amplitudes  and  under  ^«  and  4>c  the  phase  constants  for 
the  observed  curves  and  under  h  and  d  and  4>h  and  4>i  the  correspond- 
ing quantities  for  the  calculated  curves.  In  taking  the  means  the 
value  for  each  month  is  weighted  in  proportion  to  the  number  of 
periods  in  the  month.  Below  the  mean  R  and  A^  in  each  case  is 
given  the  average  difference  from  the  mean.  At  the  bottom  of 
each  table  opposite  Y  are  given  the  results  obtained  by  computing 
the  tides  for  the  entire  year  as  a  single  period  instead  of  for  a 
month  at  a  time.  The  results  agree  closely  with  the  means  for 
the  thirteen  months,  and  are  shown  graphically  in  Figures  4  to  8. 

Violent  storms  broke  down  the  electric  wires  during  February^ 
and  March  on  several  occasions,  interrupting  the  electric  current 
for  a  few  hours.    The  pits  cooled,  and  there  were  resulting  large 
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shifts  of  the  fringes  after  the  current  was  re-established.  It  seems 
highly  probable  that  the  large  difference  of  phase  which  is  shown 
for  the  fourth  month  E-W  diurnal  tide  is  due  to  such  disturbances. 
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Moreover,  this  month,  on  account  of  the  interruptions,  contained 
but  20  periods  instead  of  the  usual  26.  The  mean  is  therefore  given 
for  twelve  lunar  months,  omitting  the  fourth,  on  the  line  Av^  as 
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Fig.  4. — N-S  semi-diurnal  lunar  tide  for  entire  year.    Dotted  curve  from 
observed  values 

y = 6 . 1 73  sin  (^+  i4S"240 


Full  curve  from  0.7  calculated  values 


>r »  6 .  401  sin  (^4- 147**3  2') 
12=0.7  a/6=o. 675.    ^0  =  52' 
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Fig.  5. — E-W  semi-diurnal  lunar  tide  for  entire  year.    Dotted  curve  from 
observed  values 

y=i9.38osin(0+63V') 

Full  curve  from  o.  7  of  calculated  values 

y=9.48ssin  (d4-58'*io') 
12=0.7  c/</=o. 692.    A0  =  5**46' 
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Fig.  6, — N-S  solar  tide  for  entire  year.    Dotted  curve  from  observed  x'alues 
y-3.i4osin(^+99*2s0 
Full  curve  from  o.  7  of  calculated  value 

y-3.063  sin  ($+9S**2o') 
R^o.j  fl/6-0.718.    A^=6*5' 


Fig.  7.— E-W  solar  tide  for  entire  year.    Dotted  curve  from  observed  values 
y-4.399sm(^+8'60 
FuU  curve  from  o.  7  of  calculated  value 

.     y-4S"8in  (^+2*230 
12-0.7  c/rf-o. 681.    A^-5^43' 


Fig.  8. — E-W  diurnal  Junar  tide  for  entire  year.    Dotted  curve  from  observed 
values 

y-3.759  sin  (^+284^*55') 
Full  curve  from  o.  7  of  calculated  values 

y='3  •  799  sin  (^4- 282^*53') 
/?=o.7  c/rf-0.693.    A0-i°33' 
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well  as  for  the  thirteen  months.  A  calculation  for  306  periods  was 
also  made,  omitting  this  month  from  both  the  observed  and  cal- 
culated data.    This  value  is  given  opposite  Fm. 

In  the  case  of  the  N-S  diurnal  tide  it  will  be  noted  that  the 
amplitude  is  very  small,  about  o .  5  fringe,  as  it  should  be  since  this 
tide  has  the  coefficient  cos  2/,  where  /  is  the  latitude.  For  Yerkes 
Observatory  cos  2/ =0.0848.  This  tide  is  too  small  to  admit  of 
much  accuracy  in  the  determination,  but  the  results  are  included, 
as  they  are  not  without  interest.  Mean  values  are  added  for  the 
whole  year,  and  the  means  omitting  the  fourth  month,  and  also 
omitting  both  the  third  and  the  fourth.  The  calculations  are  also 
added  for  the  year  as  a  whole,  326  periods;  omitting  the  fourth 
month,  306  periods;  and  omitting  both  the  third  and  fourth 
months,  282  periods.  The  omission  of  these  months  is  perhaps 
justified,  since  both  R  and  A^  are  decidedly  abnormal.  The  mean 
of  the  six  values  gives  if  «  o .  584  and  A^  =  7^46'.  Probably  the  only 
conclusion  which  is  justified  for  the  N-S  diurnal  tide  is  that  R  is 
about  0.6=^  .2  and  that  the  difference  of  phase  is  small. 

An  effort  was  made  to  deduce  the  fortnightly  lunar  tide  of 
period  13.66  days.  Here  the  E-W  tide  should  be  zero,  and  the 
residual  sine  curves  were  less  than  0.05  fringe  from  both  the 
calculated  and  observed  curves.  The  N-S  tide,  however,  had  an 
amplitude  of  about  i .  8  fringes  and  gave  if = o.  628  and  A^  =  —  8*^24', 
quantities  which  agree  as  well  as  could  be  expected  with  the  shorter 
periods.  The  negative  sign  of  A^  merely  indicates  that  the  uncer- 
tainty is  considerable. 

The  results  are  collected  in  Table  VII.  The  value  given  in  each 
case  is  the  average  of  the  mean  value  for  the  thirteen  lunar  months 
and  the  value  deduced  by  treating  all  the  observations  in  a  single 
set,  except  in  the  case  of  the  N-S  diumal  tide,  where  the  values 
given  are  the  mean  of  the  six  determinations  mentioned  above,  and 
in  the  case  of  the  E-W  diumal  tide,  which  is  the  mean  of  four 
similar  determinations. 

The  amplitudes  are  those  for  the  observed  curves  averaged  as 
indicated  above.  The  errors  indicated  for  the  different  tides  are 
the  average  differences  from  the  means  of  the  thirteen  months, 
except  in  the  case  of  the  N-S  diumal  tide,  where  it  is  simply  an 
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estimate.  In  combining  the  different  tides  to  get  a  mean  in  each 
direction,  the  ratios  and  phase  differences  were  weighted  in  pro- 
portion to  the  amplitudes  of  the  tides  except  that  the  N-S  diurnal 
tide  was  omitted.  The  final  means  of  R  and  A^  are  the  mean 
values  obtained  by  weighting  the  five  determinations  in  this  way. 


TABLE  vn 


N-S 

B-W 

Amp. 

R 

A^ 

Amp. 

R 

A^ 

Lunar  flemi-^umal. . . 
SoUr 

6.188 

0.6765  A.  010 
0.716  A. 041 
0.584  ^.200 

9  376 
4. 4*9 

3. 700 

.698  ^.oaj 

38'*3*rf' 

Lunar  diurnal 

Weighted  means... 

0.689s 

^•4l' 

0.6903 

4*34' 

Finid  ▼ahies 

i{-0.690*.004                                            A^-4* 

This  seems  to  be  the  most  logical  procedure  and  is  perhaps  justified 
by  the  fact  that  the  average  difference  from  the  mean  for  the  dif- 
ferent tides  in  each  direction  is  roughly  inversely  proportional  to 
the  amplitude.  The  probable  error,  computed  in  the  usual  way,  is 
given  with  the  final  value  of  R. 

The  final  result  indicates  that  the  rigidity  of  the  earth  in  the 
N-S  and  E-W  directions  is  the  same'  and  the  ratio  U  is  o. 690  with 
a  probable  error  of  =*=  o. 004.  That  the  viscous  yielding  of  the  earth 
is  small  is  indicated  by  the  small  difference  in  phase  between  the 
observed  and  computed  tides.  It  will  be  noted  that  the  two 
solar  tides  appear  to  agree  excellently  in  phase  displacement  with 
the  E-W  semi-diurnal  tide  and  that  for  the  N-S  semi-diurnal, 
and  probably  also  the  E-W  diurnal  lunar  tides  the  phase  displace- 
ment is  definitely  smaller. 

However,  for  lack  of  a  better  method  of  finding  the  means  of 
the  N-S  and  E-W  phase  displacement,  each  was  averaged  as  the 
ratios  were,  that  is,  simply  by  weighting  them  in  proportion  to  the 
amplitudes  of  the  tides.    This  gives  a  displacement  in  phase  of 

'The  preliminary  experiment,  through  an  error  in  computation,  indicated  a 
difference  in  the  rigidities  in  the  two  directions.  The  ratio  should  have  been  0.710 
for  both  the  N-S  and  E-W.    See  Science ^  October  3, 19 19,  p.  327. 
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the  water  tides  in  the  N-S  direction  of  +2*41'  and  in  the  E-W 
direction  +4*34'.  Although  it  seems  certain  that  the  difference  in 
phase  is  slightly  larger  in  the  E-W  than  in  the  N-S  direction,  a 
mean  displacement  of  +4?o  is  probably  correct  to  within  1°.  If 
we  take  R^o.tgo^  the  tides  in  the  actual  earth  are  0.310  of  what 
they  would  be  if  the  earth  were  fluid,  and  the  value  of  A0  equal  to 
4?o,  for  the  displacement  of  the  water  tides  means  that  the  earth 
tides  lag  behind  the  impressed  forces  by  this  same  amount. 

It  is  desired  to  express  appreciation  of  the  interest  taken  in  this 
work  by  Professor  T.  C.  Chamberlin,  Professor  E.  B.  Frost,  and 
Professor  F.  R.TMoulton. 

Ryerson  Labokatoky 
November  1919 
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A  PECULIAR  BELT  OF  OBLIQUE  FAULTING 


ROLLIN  T.  CHAMBERLIN 
University  of  Chicago 


The  Rocky  Mountain  system  is  a  belt  of  varying  structure. 
Northward  from  northern  Montana  it  is  a  sharply  delineated  chain 
bordered  on  its  eastern  margin  throughout  many  degrees  of  latitude 
by  great  overthrust  faults.  But  in  central  Montana  the  regular, 
linear,  faulted  chain  loses  much  of  its  distinctiveness  and  gives  way 
to  an  irregular  group  of  scattered  mountain  clusters/  Farther 
south  in  Wyoming  and  Colorado  the  Rockies  reassemble  in  a  more 
definite  continuous  chain,  but  in  these  latitudes  folding  has  replaced 
faulting  as  the  dominant  structure. 

For  the  present  paper  it  is  important  to  note  that  in  central 
and  southern  Montana  the  Rocky  Mountain  chain,  which  else- 
where constitutes  the  definite  backbone  of  the  continent,  spreads 
out  into  a  plexus  of  short  minor  ranges  and  isolated  mountain 
groups.  These  reach  far  out  into  the  Great  Plains  province,  where 
each  of  thef  individual  groups  becomes  essentially  a  unit  by  itself. 
Some  have  resulted  from  igneous  outbursts,  and  exhibit  the  results 
of  vertically  acting  forces  fully  as  much  as  horizontal  thrusting; 
others  have  arisen  largely  from  f atilting  or  folding.  In  consequence 
of  this  diversity  of  origin  of  the  major  features,  the  general  region 
has  been  subjected  to  stresses  of  quite  variable  sorts.  It  is  to 
emphasize  the  peculiar  manifestation  of  some  of  these  that  the 
present  paper  is  ventured. 

From  the  vicinity  of  BiUings,  in  the  midst  of  this  region  of 
scattered  uplifts,  E.  T.  Hancock  has  recently  described  a  very 
remarkable  belt  of  faulting,  some  56  miles  in  length  and  comprising 
over  90  separate  faults,  relatively  close  together  and  more  or 
less  parallel  one  to  another.'    A  striking  feature  of  the  belt  is  that 

>  Rollin  IS  Chamberlin,  "The  Building  of  the  Colorado  Rockies,"  Jour,  Ged., 
XXVII  (1919),  pp.  147-48. 

*  E.  T.  Hancock,  "Geology  and  Oil  and  Gas  Prospects  of  the  Lake  Basin  Field, 
Montana,"  U,S.  Getd.  Survey,  Bull.  691-D  (1918),  pp.  iox-47. 
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the  fault  lines,  practically  without  exception,  are  inclined  in  the 
neighborhood  of  45^  to  the  long  dimension  of  the  faulted  strip 
(Fig.  i).  Many  of  these  faults  are  over  5  miles  in  length,  while 
one  slightly  curving  fault  plane  has  been  traced  for  fully  10  miles. 
A  few  of  the  shorter  fatilts,  however,  are  less  thaji  a  mile  in 
length.  As  mapped  by  Hancock,  these  faults  cut  through  a  region 
surfaced  by  the  Colorado  and  Montana  groups  of  the  Cretaceous, 
and  by  the  Lance  formation  of  the  early  Tertiary. 

Hancock  has  clearly  brought  out  the  fact  that  the  belt  of 
fatilting  is  located  on  the  flanks  of  two  conspicuous  domes,  which 
are  the  two  dominating  folds  of  the  Lake  Basin  field.  These  are 
the  Big  Coulee-Hailstone  dome  in  the  northwest  portion  of  the 
area  studied,  and  the  end  of  the  Big  Horn  Mountain  anticline, 
which  extends  into  the  southeastern  comer  of  the  Lake  Basin 
field.'  Southeast  of  the  Big  Coulee-Hailstone  dome,  in  the  direc- 
tion of  its  principal  axis,  is  a  minor  circular  uplift  which  the  author 
has  called  the  Broadview  dome.  Hancock  has  pointed  out  the 
fact  that  the  most  intense  faulting  occurred  along  the  steeply 
dipping  south  flank  of  the  Big  Coulee-Hailstone  dome  and  around 
the  southeast  side  of  the  Broadview  dome.^  From  the  Broadview 
dome  to  the  northwest  end  of  the  Big  Horn  Mountain  anticline 
very  few  faults  were  observed,  but  on  the  northwest  slopes  of  the 
latter  uplift  they  again  become  numerous.  In  short,  the  faulted 
strip  follows  the  southern  flank  of  the  Big  Coulee-Hailstone  dome 
(including  its  satellite,  the  Broadview  dome)  and,  after  crossing 
an  intermediate  area  where  there  are  fewer  faults,  continues  in 
nearly  a  straight  line  along  the  northern  flank  of  the  Big  Horn 
uplift. 

Both  the  doming  and  the  faulting,  which  may  perhaps  be  termed 
the  local  structural  features  of  the  Lake  Basin  field,  are  regarded 
by  the  author  as  in  all  probability  related  in  origin  to  the  major 
structures  of  the  general  region,  and  to  have  been  determined  more 
or  less  by  the  complex  {orces  involved  in  the  development  of  these 
major  structures.  ^'The  mountain  masses  whose  development 
has  probably  been  the  most  active  in  determining  the  nature  of  the 
minor  structural  features  in  the  vicinity  of  the  Lake  Basin  field 

» Ibid.,  pp.  133-34-  '  Ibid.,  p.  136. 
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are  the  Big  Snowy  Mountains  on  the  north,  the  Little  Belt  Moun- 
tains on  the  northwest,  the  Snowy  Range  on  the  southwest,  and 
the  Big  Horn  Mountains  on  the  southeast."'    In  three  of  these 
ranges  the  uplift  has  been  so  great  that  the  pre-Cambrian  complex 
is  now  exposed  in  the  central  core.    Igneous  outbursts  have  occurred 
in  the  general  region,  though  not  recognized  within  the  Lake 
Basin  field  itself.    The  general  setting  of  this  remarkable  faulting 
is  admirably  portrayed  in  this  BuUeUny  and  many  suggestive 
details  are  brought  to  the  front,  but  as  no  definite  explanation 
of  the  faulting  is  offered,  I  here-  _^^^,.^„^^^^^_^__^___^^^ 
with  venture  to  suggest  some  of  ///  ^/// //^// //////  //// 
the  possible  factors  which  may 
have  given  rise  to  the  phenome-  *  ^ 

non. 


POSSIBLE  EXPLANATIONS 


(^)^;^^^\^\^^^^^^^^^\ 


There  are  two  familiar  pro-         ^^®-  2.- Diagram  to  iUustratc  the 
V .  1  1  ^  fonnation  of  oblique  crevasses  along  the 

cesses  which  are  known  to  nro-  •      r     1   •         •     •  ^t.  J. 

\,wo£7v^  TTua\*u  o,*\^  amuvwtu.  wvr  ^/*\/-      m^rginff  of  a  glaoer  moving  in  the  direc- 

duce  parallel  fracturing  in  a  zone      tion  indicated  by  the  arrow.    The 

such  as  described.     The  first  is      crevasses  point  upstream  as  they  extend 

iUustrated  by  the  development     "^^^^^  J^^^^^  ^^  ^^  ^^^  ^^'^ 

^  *^  the  motion  is  more  rapid, 

of  obhque  crevasses  along  the 

margins  of  valley  glaciers.  As  the  middle  portion  of  a  glacier  moves 
more  rapidly  than  the  ice  near  the  sides,  a  Une  on  the  glacier  connect- 
ing points  A  and  B  (Fig.  2)  will,  after  a  time,  become  A'B'.'  Since 
A^B'  is  longer  than  AB,  there  has  been  stretching  along  that  line. 
In  fact,  it  can  readily  be  shown  that  A'B'  represents  the  direction 
of  elongation,  or  jnajor  axis  of  the  strain  ellipsoid,  as  developed 
by  Leith.3  Tension  therefore  develops  along  this  line,  and  is 
relieved  by  fractures  at  right  angles  to  it.  Hence  it  is  that  the 
lateral  margins  of  valley  glaciers  are  commonly  riven  by  a  great 

» E.  T.  Hancock,  op,  ciL,  p.  132. 

» John  Tyndall,  Glaciers  of  the  Alps  (i860),  pp.  318-19. 

*  C.  K.  Leith,  Structural  Geology  (1913),  pp.  16-21. 

It  is  of  course  to  be  recognized  that,  since  the  rate  of  motion  changes  more 
rapidly  near  the  margin  of  the  glader  than  toward  the  middle,  the  line  A'B'  will  be 
curved  instead  of  straight,  and  ideally  the  relation  should  be  represented  by  many 
small  strain  ellipsoids  instead  of  one  large  one. 
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succession  of  parallel  crevasses  which  point  obliquely  upstream  as 
they  extend  in  toward  the  middle  of  the  glacier.  Such  a  belt  of 
crevasses  bears  some  resemblance  to  the  belt  of  faults  in  the  Lake 
Basin  field. 

The  other  process  which  k  known  to  produce  results  of  this 
kind  is  torsion.  Its  behavior  has  been  strikingly  illustrated  by  the 
familiar  experiment  of  Daubrfie,  who  subjected  a  long  plate  of 

glass  to  torsional  stress."  The 
result  was  to  produce  numerous 
fractures  in  two  distinct  sets 
which  crossed  each  other  approx- 
imately at  right  angles  (Fig.  3). 
The  fractures  of  each  set  were 
nearly  parallel  to  one  another, 
and  were  inclined  approximately 
at  45®  to  the  axis  of  torsion. 
Either  set  of  parallel  fractures 
would  look  much  like  the  strip 
of  faults  in  the  Lake  Basin  field, 
provided  the  other  intersecting 
set  did  not  form. 

APPLICATION  TO  THE  LAKE 
BASIN  FAULTING 

The  most  striking  character- 
istic of  this  belt  of  faulting  in 
Montana  is  the  grouping  of  the 
faults  in  a  long,  narrow  strip 
trending  W.N.W.  and  E.S.E. 
Scarcely  less  conspicuous  is  the 
fact  that,  abnost  without  exception,  the  individual  fault  traces 
are  inclined  to  the  axis  of  the  belt  at  angles  in  the  general  vicinity 
of  45°.  The  third  fact  of  prime  significance  appears  to  be  that 
toward  the  west  end  of  the  belt  the  fracturing  took  place  on  the 
south  flank  of  an  uplifted  tract,  while  toward  the  east  end  of 

»G.  A.  Daubr^e,  Etudes  synlhitiqi^es  de  giologie  expirimetUalt  (1879),  Tome  i, 
PP-  307-15. 


Fig.  3. —  Fractures  developed  in  a 
glass  plate  by  torsion.  The  two  sets  of 
fractures  are  nearly  at  right  angles  to 
each  other  and  inclined  45°  to  the  axis 
of  torsion.     (From  Daubr6e.) 
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the  belt  the  fracturing  has  occurred  on  the  north  flank  of  another 
distmct  uplift.  In  the  area  between  the  two  uplifts  there  has  been 
some  but  noticeably  very  much  less  faulting  than  on  the  imme- 
diate flanks  of  the  two  uplifts.  In  the  process  of  doming,  the 
strata  near  the  west  end  of  the  faulted  strip  were  uplifted  on  the 
north  and  given  a  southerly  tilt,  while  near  the  east  end  of 
the  zone  of  faulting  the  strata  were  uplifted  on  the  south  and  thus 
given  a  northerly  tilt.  Thus  the  two  ends  of  the  faulted  area  were 
tilted  in  opposite  directions.  Such  an  opposite  movement  in- 
volves a  certain  amount  of  twisting,  or  torsion.  The  axis  of  the 
twist  would  coincide  with  the  long  axis  of  the  present  fault  belt. 
If  the  strains  developed  in  this  adjustment  between  the  oppositely 
tilted  areas  were  sufficiently  great,  they  would  produce  fracturing 
along  planes  inclined  approximately  45^  to  the  axis  of  torsion,  or 
long  dimension  of  the  present  faulted  belt.  Daubr6e's  experiment 
would  suggest  tjiat  these  fractures  should  occur  in  two  sets  crossing 
each  other  at  right  angles.  One  such  set,  to  the  number  of  more 
than  90  faults,  is  in  just  the  position  to  meet  the  requirements,  but 
the  complementary  set,  with  the  exception  of  two  very  short 
faults  northeast  of  the  Broadview  dome,  is  lacking. 

The  explanation  of  the  failure  of  the  cross-fractures  to  open 
is  sought  in  the  trend  of  the  axis  of  torsion,  whose  general  direction 
hovers  around  N.8o°W.  The  fractures  of  the  set  which  actually 
did  form  have  a  N.E.-S.W.  trend.  If  the  complementary  set  of 
fractures  had  developed,  they  also  should  have  opened  in  planes 
inclined  45^  to  the  axis  of  torsion  and  at  right  angles  to  the  first 
set,  which  would  place  them  in  the  neighborhood  of  N.3S°W. 
It  will  be  observed  that  this  last  figure  is  not  far  from  the  general 
trend  of  the  adjacent  portion  of  the  Rocky  Mountains.  The 
Rocky  Mountains  owe  their  formation,  for  the  most  part,  to  com- 
pressive stress.  While  the  exact  stress-strain  relations  involved 
in  the  development  of  this  portion  of  the  Rocky  Mountains  are  not 
known  with  certainty,  it  is,  however,  certain  that  an  effective 
component  of  compressive  stress  (whether  the  strain  were  rotational 
or  non-rotational)  has  operated  at  right  angles  to  their  long  dimen- 
sion, and  so  also  in  a  direction  at  right  angles  to  the  postulated 
possible  cross-fractures.     Hence  any  such  N.W.-S.E.  fractures, 
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which  might  otherwise  have  developed  in  response  to  the  local 
tension  developed  by  the  torsion,  might  be  prevented  from  forming 
by  the  Rocky  Mountain  compressive  stresses,  provided  the  torsion 
came  at  a  time  when  the  Cordilleran  compressive  stresses  were 
still  operative.  This  would  not  seem  an  unreasonable  assumption 
since  the  Rocky  Mountain  province  has  been  subjected  to  such 
stresses  during  much  of  Cenozoic  time. 

But,  according  to  Becker,  if  faulting  takes  place  because  of 
torsion,  the  faults  should  be  inclined  in  the  same  sense  as  the 
thread  of  a  right-handed  screw,  when  the  twisting  has  been  clock- 
wise, as  it  seems  to  have  been  in  the  Lake  Basin  field  case.'  This 
would  be  in  consequence  of  the  nature  of  the  strain  at  or  near  the 
surface  of  the  earth.  There  the  direction  of  elongation  should  be 
N.E.-S.W.  and  fracturing  on  this  principle  should  occur  along 
lines  trending  N.W.-S.E.  On  the  other  hand,  an  analysis  by  the 
strain-ellipsoid  method  shows  that  if  a  body  having  two  parallel 
sides,  like  Daubr6e's  glass  plate,  be  twisted,  the  axes  of  strain  on 
the  opposite  sides  are  exactly  reversed.  In  Daubr6e's  experiment 
both  sets  of  torsion  fractures  were  about  equally  developed.  This 
was  because  the  strains  developed  on  the  two  faces  of  the  glass  plate 
were  about  equally  effective  in  causing  the  fracturing  of  the  plate. 

For  confirmation  of  these  principles,  paraffine  was  molded  into 
strips  having  the  dimensions  laXsX^  inches.  The  ends  of  these 
strips  were  then  twisted  clockwise  as  in  the  Lake  Basin  case. 
Eadi  strip  snapped  apart  along  a  single  fracture  surface.  The 
fracture  in  lo  different  tests  was  in  accordance  with  the  orientation 
observed  in  Montana.  In  ii  tests  it  was  contrary,  the  fracturing 
belonging  to  the  cross  set.  In  every  test,  without  exception,  the 
fracture  occurred  not  far  from  45^  to  the  axis  of  torsion.  These 
tests  would  seem  to  indicate  that  in  strips,  or  plates,  of  the  sort 
used,  neither  set  of  fractures  takes  real  precedence  over  the  other 
in  forming.  But  in  the  earth  the  underside  of  the  paraffine 
block  finds  no  exact  counterpart,  and  the  strain  conditions  on  the 
upper  surface  should  dominate.  Hence,  other  things  being  equal, 
there  is  greater  likelihood  that   the   right-hand-screw  fractures 

«G.  F.  Becker,  "The  Torsional  Theory  of  Joints,"  Trans.  Amer.  Inst.  If  in. 
Eng.,  XXIV  (1894),  pp.  130-38. 
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will  be  produced.  This  would  be  the  set  at  right  angles  to  those 
actually  occurring  in  the  Lake  Basra  field. 

Becker  has  also  stated  that,  if  due  to  torsion,  each  master 
fatilt  will  be  a  reverse  fault,  and  the  fissures  will  gape  from  the 
start.'  Examination  of  the  fracture  planes  in  the  paraffine  tests 
revealed  the  fact  that  many  of  them  were  straight  across  or,  ex- 
pressed in  terms  of  structural  geology,  were  vertical  faults.  In 
others  the  fault  surface  was  somewhat  inclined  from  the  vertical, 
or  was  vertical  for  a  portion  of  the  distance  and  then  curved. 
Where  the  fault  plane  was  inclined  from  the  vertical  the  relations 
were,  as  Becker  has  stated,  those  of  a  reverse  fault.  The  hanging 
wall  was  elevated  with  respect  to  the  foot  wall.  The  parafl&ne 
tests  also  confirmed  Becker's  statement  that  the  fissures  will  gape. 
This  does  very  well  in  an  experiment  where  the  weight  of  materials 
plays  no  important  part.  But  reverse  faults  which  gape  would  be 
a  curiosity  in  the  earth.  While  in  the  earth,  just  as  in  the  experi- 
ment, the  twisting  would  tend  to  cause  this  relation,  on  the  other 
hand  the  gravity  of  the  earth,  in  co-operation  with  the  tension 
developed  by  the  torsion,  should  offset  this  tendency.  If  the 
twist  developing  such  a  series  of  {larallel  faults  were  accompanied 
by  much  tension,  downsliding  of  the  blocks  should  be  expected. 
As  there  seem  to  be  special  grounds  for  expecting  tension,  inde- 
pendently of  the  torsion,  in  the  case  under  consideration,  reverse 
faulting  as  the  dominant  type  in  this  particular  strip  in  Montana 
would  seem  unlikely. 

Furthermore  the  strains  developed  by  the  doming  process  above 
outlined  would,  in  all  probability,  not  be  of  a  very  intense  sort 
imless  there  were  also  counterpart  downwarping  north  of  the  Big 
Horn  uplift  and  a  depression  of  the  basin  south  of  the  Big  Cotilee- 
Hailstone  dome  to  complete  the  twist.  Some  depression  of  the 
basins  seems  likely,  but  the  twisting  was  probably  not  violent. 
Hence  the  fracturing,  so  far  as  due  to  torsion  alone,  should  be  not 
far  from  vertical,  and  the  tendency  toward  reverse  faulting  wovdd 
be  slight.  Nevertheless  in  this  connection  it  is  interesting  to  note 
that  reverse  faults  actually  do  occur  in  one  section  of  the  fault  belt 
under  consideration.'    Normal  faulting,  however,  dominates. 

'  G.  F.  Becker,  op,  ciL,  p.  137.  *  E.  T.  Hancock,  op,  ciL,  p.  140. 
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From  the  foregoing  inspection  of  the  problem,  it  would  seem 
clear  that  this  remarkable  strip  of  oblique  faults  has  not  been  pro- 
duced by  simple  torsion  alone.  The  observed  facts  are  at  variance 
in  several  essential  particulars  with  what  the  theory  of  pure  torsion 
should  require.  The  genesis  of  the  faults  must  have  involved 
in  addition  other  important  factors.  These  are  to  be  sought  in 
an  analysis  of  the  larger  structural  features  of  the  general  region, 
and  a  consideration  of  the  strains  involved  in  their  genesis. 

A  study  of  the  map  of  Montana  shows  that,  ^riiile  the  Rocky 
Mountain  chain  loses  much  of  its  regularity  and  individual  linear 
character  amidst  the  scattered  mountain  groups  of  west  central 
Montana,  there  is  nevertheless  a  prominent  Rocky  Mountain 
trend  line  which  swings  sharply  eastward  in  southern  Montana, 
and  thence  turns  south  again  in  the  Big  Horn  range.  This  par- 
ticular line  of  the  Rockies  thus  follows  a  sigmoidal  cutve  which  is 
perhaps  more  conspicuous  on  a  small-scale  map  than  a  map  of  a 
larger  scale,  for  the  reason  that  the  details  of  the  minor  ranges,  if 
they  are  too  prominent,  tend  to  obscure  the  larger  relations. 
It  was  suggested  by  T.  C.  Chamberlin  that  this  pronounced  bend 
in  the  range  may  have  been  an  important  factor  in  the  present 
problem.  The  great  Lewis  overthrust  of  northern  Montana 
shows  that  the  Glacier  National  Park  region  has  been  transported 
bodily  eastward  for  at  least  15  miles,  and  possibly  much  farther.' 
Southward  from  Glacier  National  Park  the  easterly  overriding 
upon  the  thrust  plane  gradually  diminished,  but  in  any  case, 
even  where  the  faulting  has  given  way  to  folding  as  the  dominant 
process,  the  formation  of  the  Rocky  Mountain  structure  involved 
an  eastward  movement  of  the  crumpled  and  faulted  materials. 
To  accomplish  the  crustal  shortening  involved  in  the  folding,  the 
main  mass  of  the  Big  Horn  Mountains  should  have  moved  eastward 
to  some  extent,  on  the  assumption  that  the  deformation  was  due 
to  thrusting  from  the  Pacific. 

The  northwestern  extremity  of  the  Big  Horn  anticline,  as 
already  stated,  extends  into  the  southeastern  comer  of  the  area 
under  consideration.    Thence  westward  to  the  Crazy  Mountains 

« M.  R.  Campbell,  "The  Glacier  National  Park,"  U^.  Geol.  Sun^ey^  Bull.  600 
(i9i4),p.  12. 
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the  system  is  poorly  developed.  This  poorly  developed  tract  lies 
on  the  border  of  the  eastward-trending  portion  of  the  Rocky 
Mountain  belt,  which  connects  its  overthrust  tract  in  northern 
Montana  with  its  south-trending  tract  in  Wyoming  and  Colorado. 
Because  of  its  general  east-west  trend,  it  was  not  in  a  position  to  be 
much  folded  by  a  thrust  from  the  Pacific,  but  on  the  contrary  was 
well  placed  to  receive  elongation  from  the  greater  eastward  thrust 
of  the  Rocky  Mountains  farther  to  the  south.  The  Big  Horn 
Moimtains  seem  to  partake  in  some  measure  of  both  these  attitudes, 
for  the  southern  portion  trends  with  the  Rockies  in  Wyoming  and 
Colorado,  while  the  northern  portion  veers  round  to  a  more  westerly 
trend,  and  dies  down  in  the  Lake  Basin  district  on  the  very  border 
of  the  fault  belt  which,  in  striking  eastward  from  the  Big  Coulee- 
Hailstone  dome,  is  almost  tangent  to  the  northern  flank  of  the 
range. 

From  these  relations  it  will  be  seen  that,  though  the  deformation 
on  the  border  of  the  Lake  Basin  was  limited  and  gentle,  there 
would  naturally  have  been  some  eastward  movement  at  the  Big 
Horn  end.  On  the  other  hand,  the  Big  Coulee-Hailstone  dome 
at  the  northwesterly  end  lay  on  the  Great  Plains  side  of  the  fault 
belt,  in  the  lee  of  the  less-moved  portion  of  the  Rocky  Mountain 
belt,  and  appears  also  to  be  more  nearly  related  to  the  group  of 
igneous  intrusions  than  to  the  folded  belts,  and  so  should  have 
been  less  a£Fected  than  the  Big  Horn  end  by  the  eastward  move- 
ment. Hence  it  is  inferred  that  the  southern  portion  of  the  Lake 
Basin  field,  which  was  most  influenced  by  the  Big  Horn  deforma- 
tion, was  shifted  eastward,  while  the  northern  portion  partook 
rather  more  of  the  relative  fixity  of  the  Great  Plains  province  and 
the  area  of  igneous  intrusions.  The  differential  motion  involved 
in  this  adjustment  is  not  unlike  that  which  produces  the  oblique 
crevasses  along  the  margins  of  glaciers,  except  that  the  differen- 
tial movement  was  distributed,  instead  of  having  a  limit  at  a 
sharp  borderline  of  slippage  such  as  lies  at  the  junction  of  the 
moving  glacier  with  the  wall  of  the  valley.  No  such  line  of  sharp 
differentiation  is  of  course  assignable  to  the  rather  broad  and 
gentle  movements  in  the  Lake  Basin.  There  may  of  course  have 
been  a  concealed  longitudinal  shear  plane  deep  below  the  fault 
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belt,  but  as  the  map  shows  only  small  oblique  faults,  this  supposi- 
tion has  little  or  no  tangible  support  and  need  not  be  seriously 
considered  here,  as  the  movements  already  discussed  would  still 
be  needed  to  explain  the  oblique  faults.  If  any  underlying  longi- 
tudinal fault  is  to  be  postulated,  a  group  of  such  faults  with  dis- 
tributive action  would  best  fit  the  case. 

On  the  glacier  principle,  the  southern  portion  of  the  district, 
moving  eastward  relative  to  the  northern  portion,  should  cause 
repeated  crevasse-like  fractures  to  open  along  a  belt  where  the 
strain  from  the  differential  motion  was  greatest.  As  the  south 
side  of  the  belt  moved  eastward  with  respect  to  the  northern  side, 
tension  would  be  developed  along  N.W.-S.E.  lines  obliquely 
across  the  disturbed  zone.  The  restilt  would  be  a  large  number  of 
fracture  lines  at  right  angles  to  the  direction  of  tension,  or  running 
N.E,  and  S.W.,  as  in  the  upper  part  of  Figure  2.  The  oblique 
crevasses  in  a  glacier  point  upstream  as  they  extend  toward  the 
middle  of  the  glacier,  or  toward  the  more  rapidly  moving  portion. 
Hence  in  this  fault  problem  the  fractures  should  be  inclined  toward 
the  direction  from  which  the  relative  motion  came.  This  is 
just  what  was  observed  in  the  faulted  zone  of  the  Lake  Basin  field. 
It  is  then  only  necessary  to  suppose  that  the  zone  of  yielding 
between  the  differently  moving  areas  was  located  where  the  faults 
have  developed. 

Near  the  eastern  end  of  the  fracture  belt  the  downthrow  side 
of  nearly  all  of  the  faults  is  toward  the  northwest  As  these  are 
normal  faults,  most  of  the  fault  planes  dip  to  the  northwest.  On 
the  other  hand,  near  the  western  end  of  the  belt  the  downthrow 
side,  and  hence  also  the  dip,  of  the  majority  of  the  fault  planes  is 
toward  the  southeast,  though  the  faulting  is  less  regular  at  this 
end  than  at  the  other.  The  downslipping  in  general  has  thus 
been  from  the  ends  toward  the  middle  of  the  belt,  though  the 
generalization  is  not  so  well  substantiated  in  the  western  half 
flanking  the  Big  Coulee-Hailstone  dome  as  it  is  in  the  more  regular 
eastern  half  bordering  the  Big  Horn  uplift.  The  dome  at  either 
extremity  represents  a  relative  upthrust  which,  if  the  result  of 
igneous  activity  beneath,  necessarily  adds  a  further  element  of 
tension,  thus  favoring  an  increase  in  the  number  of  fractures  upon 
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the  flanks  of  the  domes^  while  at  the  same  time  it  tends  to  give 
the  observed  slopes  to  the  fault  planes. 

This  peculiar  belt  of  oblique  faulting  is  therefore  attributed  to 
the  eastward  movement  of  the  southern  portion  of  the  region  rela- 
tive to  the  northern^  together  with  the  local  torsion  and  incidental 
tensbn  developed  by  the  doming  process. 
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,THE  PALEOZOIC  SECTION  OF  THE  TOMAH  AND 
SPARTA  QUADRANGLES,  WISCONSIN' 


W.  H.  TWENHOFEL  and  F.  T.  THWAITES 
University  of  Wiaconaiii 


INTRODUCTION 

The  Tomah  and  Sparta  quadrangles  lie  wholly  within  and  on 
the'  northeastern  edge  of  the  Drif tless  Area  of  western  Wisconsin. 
The  first-named  quadrangle  is  directly  east  of  the  latter.  There 
are  431  square  miles  in  the  two  areas. 

Little  geologic  work  directly  relating  to  the  two  quadrangles 
has  been  published.  As  parts  of  the  Driftless  Area  they  have 
received  the  attention  of  many  of  the  students  who  have  been 
concerned  with  its  peculiar  problems.  Three  university  theses 
which  directly  relate  to  the  whole  or  parts  of  the  two  quadrangles 
have  been  written,  but  none  of  these  has  been  published.'  A  short 
paper  by  W.  D.  Shipton  gives  a  description  of  fulgurites*  foimd  by 
him  near  Sparta,  and  the  same  author  in  a  second  short  paper 
proposed  a  new  formational  term  for  the  fine-grained  and  shaley 
sandstones  which  constitute  the  middle  portion  of  the  exposed 
Cambrian.^  Other  papers  which  in  some  degree  bear  on  the 
geology  of  the  two  quadrangles  are  Ulrich's  **  Revision  of  the  Paleo- 
zoic Systems,"*  Bassler's  ''Bibliographic  Index  of  American  Ordo- 
vician  and  Silurian  Fossils,"^  in  which  is  given  a  geologic  section 

'  Published  by  permission  of  the  state  geologist  of  Wisconsin. 

» R.  B.  Johns,  "The  Physiography  and  Geology  of  the  La  Crosse  River  Valley/* 
Unpublished  thesis.  University  of  Wisconsin,  1900.  W.  D.  Shipton,  "The  Geology 
of  the  Sparta  Quadrangle/'  Unpublished  thesis,  University  of  Iowa,  19x6.  W.  O. 
Blanchard,  ''The  Geography  of  the  Tomah-Sparta  Quadrangles."  Unpublished 
thesis.  University  of  Wisconsin,  191 7. 

*  W.  D.  Shipton,  "A  Note  on  Fulgurites  from  SparU,"  Proc,  Jcwa  Acad,  ScL, 
XXIII  (1916),  141. 

^W.  D.  Shipton,  "A  New  Stratigraphic  Horizon  in  the  Cambrian  System  of 
Wisconsin,"  ibid,,  pp.  142-45. 

s  E.  O.  Ulrich,  BuU.  Geol.  Soc,  Amer,,  XXII  (1911),  PI.  XXVII. 

'  R.  S.  Bassler,  Btdl.  p2,  UniUd  States  National  Museum,  II  (19x5),  PI.  II. 
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for  Wisconsin,  and  one  of  Walcott's  papers,  in  which  is  defined  the 
geologic  section  for  western  Wisconsin  as  worked  out  by  UTrich.' 
The  latest  published  work  relating  to  the  areas  is  an  abstract  of 
a  paper  read  before  the  Geological  Society  of  America  at  the 
Albany  meeting.  This  paper  describes  the  rock  terraces  which  are 
such  conspicuous  features  of  the  surface.' 

DESCRIPTION  OF  THE  GEOLOGIC  SECTION 

Only  rocks  of  sedimentary  origin  are  exposed  in  the  Tomah  and 
Sparta  quadrangles  (Fig.  i).  Of  these  there  are  two  groups:  an 
older,  consisting  of  poorly  cemented  sandstones  and  compact,  firm 
dolomites,  both  of  Paleozoic  age;  and  a  younger,  made  up  of  uncon- 
solidated materials  of  very  late  geologic  time.  With  the  latter 
this  article  is  not  concerned.  The  strata  of  both  groups  are  in 
essentially  undisturbed  position. 

The  Paleozoic  strata  belong  to  the  Cambrian  and  Ordovician 
systems.^  The  exposed  thickness  aggregates  between  700  and 
800  feet,  while  wells  which  have  been  drilled  to  the  base  of  the 
sedimentary  sequence  show  the  presence  of  an  additional  thickness 
of  about  350  feet.    These  unexposed  strata  are  of  Cambrian  age. 

CHAKACTER  AND  ROCKS  07  THE  PRE-CAMBRIAN  FLOOR 

The  rocks  composing  the  pre-Cambrian  floor  beneath  the  Pale- 
ozoic sediments  are  known  from  deep  wells  and  from  exposures 
some  miles  to  the  north.  Drillings  from  a  well  in  Tomah  indicate 
a  gneiss  of  medium  texture,  composed  of  clear  and  milky  quartz, 
pink  feldspar,  and  white  mica.  The  nearest  exposures  to  the  north 
are  at  Black  River  Falls,  where  the  pre-Cambrian  rocks  consist  of 
granites,  gneisses,  diorites,  schists,  and  iron  formation. 

The  exposures  of  the  contact  between  the  Paleozoic  and  pre- 
Cambrian  rocks  and  the  wells  in  this  and  adjacent  districts  which 

'  C.  D.  Walcott,  '^  Cambrian  Geology  and  Paleontology,"  Smithsonian  Misc.  CtUl., 

Lvn,  No.  13  (1914),  354. 

'Lawrence  Martin,  "Rock  Terraces  of  the  Driftless  Area  of  Wisconsin/'  Bull, 
Ged.  Soc.  Amer.,  XXVIII  (1917),  148-49. 

'  II  the  classification  of  Dr.  E.  O.  Ulrich  be  followed,  there  would  be  three  systems 
represented:  Cambrian,  Ozarkian,  and  Ordovician.  Fig.  i  shows  the  groupings  of 
the  systems  according  to  the  general  usage  and  also  according  to  the  proposals  of 
Dr.  Ulrich. 
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have  been  drilled  to  this  contact  suggest  that  the  pre-Cambrian 
lands  had  been  reduced  to  slight  relief  before  the  deposition  of 
the  Cambrian  sands. 

TEE  CAMBBIAN  SYSTEM 

Sandstones  compose  nearly  the  whole  of  the  Cambrian  rocks  of 
the  two  quadrangles.  Some  of  the  finer-grained  sandstones  have 
been  called  shales,  but  were  most  of  such  in  association  with  true 
shales  they  quite  certainly  would  be  called  sandstones.  True  clay 
shales  are  present  only  as  thin  laminae  and  lenses.  Dolomite  and 
dolomitic  sandstones  of  local  and  horizontal  distribution  also  occur. 
The  basal  strata  of  those  exposed  consist  almost  wholly  of  quartz 
sandstones.  The  sands  are  coromonly  clean  and  well  sorted.  The 
higher  Cambrian  strata  are  also  largely  composed  of  quartz  sands, 
but  some  portions  contain  an  abimdance  of  greensand.  The  top 
of  the  Cambrian  is  quite  sharply  defined  from  the  base  of  the 
Ordovidan  by  the  rather  general  occurrence  near  the  contact  of 
quartzite-like  gray  sandstones  and  by  the  great  differences  between 
the  dolomite  of  the  basal  Ordovidan  and  the  sandstone  of  the 
highest  member  of  the  Cambrian. 

Four  Cambrian  formations  are  exposed.  These,  in  ascending 
order,  are  (i)  the  Dresbach  sandstones,  (2)  the  Franconia  glauco- 
nitic  and  shaley  sandstones,  (3)  the  St.  Lawrence  sandstones  and 
dolomitic  shales  with  occasional  dolomite  layers,  and  (4)  the 
Jordan  sandstones.  There  is  a  possibility  that  a  fifth  Cambrian 
formation  is  present,  since  at  the  top  of  the  Cambrian  sequence 
there  are  a  few  feet  of  strata  which  somewhat  resemble  the  Madison 
sandstone.  The  350  feet  of  unexposed  strata  may  contain  the 
Eau  Claire  and  Mount  Simon  formations  of  Dr.  Ulrich's  section. 
The  total  thickness  of  the  Cambrian  is  about  900  feet  (Fig.  2). 

The  Cambrian  sediments  were  deposited  in  shallow  water  above 
wave-base.  This  is  proved  by  the  abundant  occurrence  of  both 
wave  and  current  ripple  mark  and  the  wonderful  development  of 
cross-lamination  in  which  there  are  steep  fore-sets  up  to  50  feet 
in  length.  Mud  cracks,  which  are  present  in  at  least  three  horizons, 
prove  that  at  times  the  sediments  were  exposed  to  the  dr)dng 
effects  of  the  sun.  The  roimding,  sorting,  and  cross-lamination  of 
some  of  the  sands  suggest  local  eolian  dep>osition. 
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Fig.  2.— Mechanical  ana]^rses  of  characteristic  sands  (for  description  see 


opposite  page). 


Digitized  by 


Google 


THE  TOMAH  AND  SPARTA  QUADRANGLES  619 

EXPLANATION  OF  THE  DIAGRAMS  OF  FIG.  2 

The  ordinates  represent  percentages  by  weight,  the  sum  of  all  the  rectangles 
in  each  diagram  totaling  100  per  cent.  Absdssae  represent  the  dimensions  of 
the  quantity  indicated  by  the  rectangle  immediately  above  it.  These  for 
convenience  are  nimibered  i  to  10,  the  dimensions  corresponding  to  the  nimibers 
being  as  given  below.  The  analyses  were  made  with  Tyler  Standard  Screen 
Scale  Testing  sieves: 

1.  Between  i .  168  amd  .833  mm. 

2.  Between    .833  and  .589  mm. 

3.  Between    .589  and  .417  mm. 

4.  Between    .417  and  .295  mm. 

5.  Between    .  295  and  .  208  mm. 

6.  Between    .  208  and  .  147  mm. 

7.  Between    .  147  and  .  104  mm. 

8.  Between    .104  and  .074  mm. 

9.  Smaller  than  .074  mm. 

10.  This  does  not  represent  dimensions,  but  material  which  is  different 
from  the  main  body  of  the  sand.  The  loss  in  sifting  (generally  less 
than  I  per  cent)  has  been  added  to  No.  9,  as  the  finest  grades  suffer  the 
greatest  loss. 

A.  Dresbach  sandstone,  Tunnel  City,  65  feet  from  the  top  of  formation. 

Pocentage 

I.         0.036,  spherical  grains  of  transparent  quartz. 
^'         o •  755»  well-rounded  grains  of  transparent  quartz. 

3.  12.080,  transparent  quartz,  most  grains  well  r&unded,  a  few  sub- 

angular. 

4.  32 .  120,  transparent  quartz,  grains  well  rounded  to  subangular. 

5.  28 .  270,  transparent  quartz,  grains  well  rounded  to  subangular,  a 

few  grains  angular. 

6.  20 .  460,  transparent  quartz,  estimated  10  per  cent  angular,  2  5  per  cent 

well  rounded. 

7.  5 .  600,  transparent  quartz,  a  few  grains  well  rounded,  most  sub- 

angular  to  angular. 

8.  0.312,  transparent  quartz,  nearly  all  grains  sharply  angular. 

9.  0.367,  transparent  quartz,  grains  angular. 
This  sand  is  of  beach  origin. 

B.  Lower  greensand  of  the  Franconia  formation,  collected  at  Boscobel  on  the 
Wisconsin  River,  south  of  the  quadrangles. 

Percentage 
I.  0.00. 


2. 

0.00. 

•3. 

0.00. 

4. 

0.00. 
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Percentage 

5.  6.83,  tran^>arent  quartz,  grains  subangular  to  angular. 

6.  28 .  80,  essentially  no  rounding. 

7.  19.27,  no  rounding,  a  little  dolomite. 

8.  15.71,  as  No.  7. 

9.  3 .47,  as  No.  7,  with  about  10  per  cent  dolomite. 

10.        25 .  84,  this  rectangle  represents  the  glauconite  present  in  the  sample. 
This  sand  was  deposited  some  distance  from  the  belt  of  constant  wave-wash 
as  shown  by  its  fineness  and  little  rounding. 

C.  Fine-grained  sandstone  from  near  base  of  the  Jordan,  Jeff  Davis  Rock, 
Tomah  quadrangle. 

Percentage 

1.  0.00. 

2.  1 .  78,  transparent  quartz,  grains  highly  spherical  and  pitted. 

3.  10.00,  trans{>arent  quartz,  high  sphericity,  grains  pitted. 

4.  6.45,  transparent  quartz,  high  sphericity,  grains  pitted,  estimated 

5  per  cent  subangular. 

5.  18 .  52,  trans{>arent  quartz,  with  a  few  grains  of  limonite,  grains  well 

rounded  and  pitted,  5  per  cent  subangular. 

6.  50.50,  as  No.  5. 

7.  11-29,  transparent  quartz,. well  roimded  with  a  few  angular  grains. 

8.  1 .06,  transparent  quartz,  60  per  cent  subangular  to  angular. 

9.  0.40,  transparent  quartz,  with  a  little  clay,  and  dolomite,  about 

5  per  cent  rounded,  about  10  per  cent  aggregates  of  finely 
divided  quartz. 
The  assortment,  rounding,  and  cross-lamination  of  this  sand  suggest  wind 
deposition. 

D.  St.  Lawrence  sandstone,  2  miles  southeast  of  Norwalk,  Wis.,  50  feet  below 
base  of  Oneota.    Contains  marine  fossils. 

Percentage 

1.  0.00. 

2.  0.00. 

3.  0.00. 

4.  0.40,  transparent  quartz,  grains  rounded. 

5.  o .  36,  transparent  quartz,  roimded  and  subangular  grains,  estimated 

10  per  cent  muscovite  flakes. 

6.  0.60,  as  No.  5. 

7.  12.00,  trans{>arent   quartz,   angular  grains,   occasional   muscovite 

flakes  and  limonite  grains,  a  little  dolomite. 

8.  17 .92,  transparent  quartz,  nearly  all  grains  angular. 

9.  68.72,  transparent  quartz,   75  per  cent  aggregates,   no  roimding 

whatever. 
The  last  rectangle  does  not  express  the  actual  facts  as  it  is  composed  of 
grains  varying  from   .074  mm.  in  diameter  to  dimensions  fully  one  one- 
hundredth  of  that  dimension.    This  sand  was  deposited  beyond  the  zone  of 
constant  wave-wash. 
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£.  St.  Peter  sandstone,  Cashton,  on  the  southwestern  edge  of  the  Sparta 
quadrangle,  estimated  30  feet  above  the  base. 

Percentage 

1.  0.00. 

2.  1 .80,  transparent  quartz,  high  sphericity. 

3.  6 .  28,  as  No.  2. 

4.  19.21,  as  No.  3. 

5.  21 .42,  trans{>arent  quartz  with  a  few  limonite  grains  and  fragments 

of  calcite,  most  well  rounded,  but  numerous  subangular  grains. 

6.  40 .  00,  transparent  quartz  with  a  few  grains  of  limonite,  well  rounded, 

estimated  25  per  cent  subangular. 

7.  9.81,  as  No.  6,  50-60  per  cent  subangular,  10  per  cent  angular 

with  no  rounding. 

8.  1 .  13,  traxisparent  quartz,  75  per  cent  sharply  angular,  rest  sub- 

angular. 

9.  0.352,  transparent  quartz,  with  rare  garnet  grains,  essentially  all 

angular. 
The  assortment,  rounding,  and  cross-lamination  of  this  sand  suggest  wind 
deposition. 

Save  for  local  and  horizonal  exceptions,  the  Cambrian  sand- 
stones are  poorly  cemented.  Most  of  the  beds  crumble  on  slight 
exposure  and  in  numerous  places  fresh  rock  may  be  crushed  to 
sand  with  the  hands. 

THE  DRESBACU  FORMATION 

The  type  locality  for  the  Dresbach  formation,  first  called  the 
"  Dresbach  sand  rock,"  is  at  Dresbach,  Winona  County,  Minnesota, 
18  miles  west  of  this  area.  At  Dresbach  the  character  and 
sequence  of  the  strata  appear  to  be  quite  similar  to  what  they  are 
in  these  quadrangles,  although  lower  shaley  strata  are  present  there 
which  have  not  been  difTerentiated  in  this  area.'  What  is  known 
of  the  unexposed  Cambrian  strata  of  these  two  quadrangles  is 
included  in  the  description  of  the  Dresbach  formation,  although  it 
is  quite  possible  that  these  strata  contain  the  Eau  Claire  and 
Mount  Simon  formations. 

The  Dresbach  strata  immediately  underlie  the  lower  lands  of 
the  two  quadrangles.  Where  the  formation  has  been  completely 
imcovered  through  the  removal  of  the  higher  formations,  there  has 

»  N.  H.  Winchell,  Minn.  Geol,  and  Nat.  Hist.  Surv.,  Final  Kept.,  II  (1888),  xxi. 
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developed  a  gently  rounded,  discontinuously  terraced  topography. 
Along  the  deeper  valleys,  in  such  places  where  the  overlying 
formation  has  not  been  completely  removed,  the  upper  strata  of  the 
Dresbach  rise  from  steep  slopes  to  form  coalescing  tower-like  cliffs 
or  conical  buttes. 

Characteristics. — ^The  exposed  strata  of  the  Dresbach  consist  of 
poorly  cemented  quartz  sandstones  of  which  the  grains  are  clean 
and  well  roimded.  In  most  of  the  beds  the  assortment  is  extremely 
good.  Interlaminated  with  the  exposed  sandstones  are  thin  lenses 
(up  to  about  a  centimeter  in  thickness)  of  green  sandy  shale.  Well 
records  show  the  presence  in  the  unexposed  strata  of  greenish, 
bluish,  and  reddish  shale.  Most  of  these  occur  about  450  feet 
below  the  top  of  the  Dresbach  and  may  represent  a  part  of  the 
Eau  Claire  formation.  The  sands  are  generally  poorly  cemented, 
and  very  few  layers  are  suflStdently  firm  for  use  in  construction. 
The  colors  vary  from  gray  to  yellow.  "Iron  rocks" — sands 
cemented  by  hydrous  iron  oxide — ^are  locally  present  in  considerable 
abundance,  but  are  not  characteristic  of  any  horizon. 

The  strata  are  not  continuous  for  long  distances,  and  with  the 
exception  of  worm-perforated  beds,  which  are  prominent  in  the 
upper  horizons,  it  has  not  been  found  possible  to  identify  any 
portion  beyond  the  limits  of  a  single  exposure.  In  the  field  these 
upper  strata  were  known  as  the  "wormstones."  Cross-lamination 
at  variable  inclinations  with  variable  directions  is  present  in  nearly 
every  outcrop.  The  fore-sets  are  generally  short,  5  to  6  feet  being 
the  average  maximum,  but  in  an  outlier  near  the  village  of  Rock- 
land there  are  fore-sets  at  angles  of  15°  to  20®  which  exceed  50  feet 
in  length.  The  inclination  of  the  long  fore-set  crpss-lamination  at 
Rockland  is  nearly  due  east.  In  a  nimiber  of  cases  the  cross- 
lamination  has  the  appearance  of  having  been  produced  by  wind 
deposition.  The  nature  of  the  Dresbach  sediments  was  not 
favorable  for  the  development  of  mud  cracks,  but  such  are  present 
just  east  of  Rockland  in  a  horizon  about  100  feet  below  the  top  of 
the  formation. 

The  thickness  of  the  exposed  Dresbach  is  about  300  feet.  Well 
records  show  that  from  590  to  615  feet  are  present  from  the  base 
of  the  Franconia  formation  to  the  pre-Cambrian  floor. 
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Except  for  worm  tubes,  of  which  there  appear  to  be  at  least  two 
varieties,  fossils  have  not  been  observed  in  the  Dresbach  sandstones 
of  the  two  quadrangles.  The  most  common  worm  tubes  are  of  the 
Scoiithus  t3rpe.    They  are  extremely  abundant  in  the  upper  beds. 

Conditions  of  origin, — ^The  sediments  of  the  Dresbach  formation 
were  accumulated  in  shallow  water  above  wave-base  or  above 
water-level.  It  does  not  seem  probable  that  at  any  time  the  waters 
attained  sufficient  depth  to  remove  the  sands  from  the  wash  of  the 
waves.  The  possible  eolian  cross-lamination  and  certainly  the 
mud  cracks  prove  that  at  times  the  sites  of  deposition  were  above 
water-level.  The  writers'  conception  of  the  conditions  of  deposi- 
tion is  that  of  an  extensive  sand  flat,  of  which  parts  may  have  been 
continuously  underneath  the  water,  other  parts  were  exposed  at 
low  tide,  while  other  areas — sand  islands,  bars,  etc.,  thrown  up  by 
the  waves  and  piled  higher  by  the  winds,  the  different  environments  , 
shifting  more  or  less  from  time  to  time — ^were  above  water-level. 
These  conditions  granted,  the  clean  washing  of  the  sands,  the  local 
thin  laminae  of  shale,  the  presence  of  mud  cracking,  the  abundance 
of  both  wave  and  current  ripple  mark,  the  excellent  sorting  of  the 
sands  in  most  of  the  beds  and  their  quite  perfect  rounding  in  some 
beds,  the  great  development  of  cross-lamination  of  which  some 
appears  to  be  eolian,  the  variable  and  lenticular  character  of  Dres- 
bach bedding,  and  the  general  absence  of  fossils  follow  as  natural 
consequences,  and  it  is  difficult  to  conceive  how  all  these  characters 
could  have  developed  on  an  extensive  scale  under  any  other 
conditions. 

THE  FRAKCONIA  FORMATION 

The  Franconia  formation  was  defined  by  Berkey'  without  its 
upper  and  lower  limits  being  stated.  In  some  of  the  publications 
of  the  United  States  Geological  Survey  the  strata  which  constitute 
the  Franconia  formation  appear  to  have  been  included  in  the 
St.  Lawrence,^  which  as  thus  defined  includes  two  stratigraphic 

«C.  P.  Berkcy,  "Geology  of  the  St.  Croix  Dalles,"  Amer.  Geol.,  XX  (1897), 
373,  377. 

'  G.  W.  Hall,  O.  £.  Meinzer,  and  M.  L.  Fuller,  "  Geology  and  Underground 
Waters  of  Southern  Minnesoto,"  Water  Supply  Paper  No.  256,  U.S,  Geol.  Sun,  (1911), 
pp.  63-68;  W.  H.  Morton  and  others, "  Underground  Water  Resources  of  Iowa,"  Water 
Supply  Paper  No,  293  (1912),  PI.  II,  p.  65. 
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units  of  decidedly  different  lithology. which  are  separated  by  a 
quite  generally  weIl>exposed  greensand  conglomerate.  The  strata, 
which  in  this  article  are  referred  to  the  Franconia  formation,  are 
included  between  the  top  of  the  Dresbach  and  the  base  of  this 
greensand  conglomerate. 

The  Franconia  strata  cap  divides  over  considerable  portions  of 
the  northern  halves  of  the  two  quadrangles.  These  have  a  rolling, 
more  or  less  terraced,  topography  with  mammillary  knolls.  Where 
overlain  by  higher  strata  the  Franconia  makes  a  terraced  slope  on 
which  at  least  two  terraces  are  almost  everywhere  present. 

Relations  to  the  Dresbach  formation. — There  is  apparent  con- 
formity between  the  Franconia  and  Dresbach  formations;  but  the 
fact  that  there  are  some  differences  in  the  sequence  at  the  top  of 
the  Dresbach  and  the  presence  at  the  top  of  that  formation  of  what 
may  be  small  erosion  channels  suggest  that  the  contact  of  the  two 
formations  is  one  of  disconformity,  with  the  possibility  that  the 
lower  was  eroded  before  the  deposition  of  the  upper. 

Subdivisions  and  their  characteristics. — The  greater  portion  of 
the  Franconia  formation  consists  of  fine-grained  quartz  and  glau- 
conitic  sandstones.  The  clay  content  is  limited  to  thin  shale 
partings.  A  few  beds  contain  small  percentages  of  dolomite  and 
near  the  base  there  is  a  sandy  limestone.  There  are  few  beds  in 
the  formation  which  do  not  contain  some  greensand. 

The  thickness  of  the  Franconia  varies  from  120  to  173  feet. 
The  thickest  sections  are  in  the  northern  halves  of  the  two  quad- 
rangles, although  a  well  drilled  at  Cashton,  just  off  the  southeast 
comer  of  the  Sparta  quadrangle,  indicates  a  thickness  of  about 
170  feet.  The  thinnest  section,  120  feet,  was  measured  near  the 
center  of  the  Sparta  quadrangle. 

It  is  possible  to  divide  the  Franconia  formation  into  five 
members,  which  in  ascending  sequence  are :  (i)  the  basal  sandstone 
and  overlying  calcareous  layer,  (2)  the  micaceous  shale,  (3)  the 
lower  greensand,  (4)  the  yellow  sandstone,  and  (5)  the  upper  green- 
sand. These  five  members  are  continuous  over  the  whole  of  the 
two  quadrangles  and  for  considerable  distances  beyond  their  limits. 

I.  The  basal  sandstone  is  roughly  and  irregularly  bedded  and  is 
everywhere  cross-laminated.     Colors  vary  from  gray  to  brown  with 
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some  layers  so  rich  in  greensand  as  to  have  a  greenish-black  color. 
Sorting  is  extremely  poor.  Fossil  fragments,  of  which  every  one 
appears  to  have  been  washed  about  for  a  considerable  time  before 
final  deposition,  are  locally  very  abundant.  The  thickness  varies 
from  I  to  6  feet. 

The  overl3dng  calcareous  layer  varies  from  a  calcareous  sand* 
stone  to  a  nearly  pure  limestone.  The  rock  has  a  brownish-pink 
to  red  color  and  is  generally  cross-laminated  with  short  fore-sets 
to  the  laminations.  These  have  no  constant  direction  of  inclina- 
tion. Small  articulate  brachiopods  are  present  locally  in  consider- 
able abundance.    The  thickness  varies  from  nothing  to  about  4  feet. 

2.  The  micaceous  shale  is  really  a  fine-grained,  thin,  laminated 
sandstone.  The  colors  vary  from  gray  to  yellow.  The  sandstone 
is  composed  chiefly  of  quartz  with  some  of  the  bedding  and  lamina- 
tion planes  containing  an  abundance  of  thin  flakes  of  white  and 
colorless  mica.  Some  beds  are  current-ripple  marked  and  others 
have  the  bedding  planes  abundantly  covered  with  fucoidal  mark- 
ings. Fossib,  all  of  which  appear  to.  have  been  washed  about 
before  deposition,  are  quite  abundant.  The  thickness  varies 
around  15  feet. 

3.  The  lower  greensand  is  composed  of  thin  laminated  glau- 
conitic  and  quartz  sandstones.  Greensand  is  present  in  essentially 
every  bed;  the  proportion  varies  widely.  Some  thin  layers  are 
fully  75  per  cent  greensand,  many  beds  have  more  than  20  per  cent, 
while  in  others  its  occurrence  is  limited  to  occasional  grains.  Some 
of  the  strata  are  evenly  bedded,  but  more  commonly  the  bedding 
is  decidedly  irregular  and  lenticular.  Cross-lamination  is  present 
throughout.  The  fore-sets  are  generally  short  and  apparently 
have  no  uniform  direction  of  inclination.  Near  the  middle  are  mud- 
cracked  layers  which  have  been  seen  in  nearly  every  exposure  of  the 
member.  Both  wave  and  current  ripple  mark,  the  latter  by  far  the 
more  abundant,  are  present  in  every  exposure  of  any  size.  Fossils, 
all  of  which  appear  to  have  been  washed  about  before  final  deposi- 
tion, are  common  in  many  beds.  The  thickness  varies  around  40  feet. 

4.  The  yellow  sandstone  member  is  composed  of  thick-bedded, 
horizontal  and  cross-laminated  yellow  and  gray  sandstone.  Green- 
sand is  present  in  some  layers.    Transverse  worm  tubes  are  the 
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only  fossils  which  have  been  seen.  The  thickness  varies  from  40 
to  50  feet. 

5.  The  upper  greensand  is  similar  in  its  characteristics  to  the 
lower  greensand,  but  fossUs  are  not  nearly  so  common.  Near  the 
top  are  thin  layers  (i  inch  maximum  thickness)  of  very  dolomitic, 
fine-grained,  yellow  sandstone  interbedded  with  highly  glauconitic 
medium-grained  sandstone.  Iron  pyrite  has  been  observed  locally. 
The  thickness  varies  from  54  to  70  feet. 

Conditions  of  origin, — The  Franconia  sediments  are  wholly  of 
marine  origin,  a  conclusion  proved  by  the  quite  general  abimdance 
of  marine  fossils.  The  cross-lamination  everywhere  present  shows 
that  the  deposition  took  place  above  wave-base.  The  much  smaller 
dimensions  of  the  grains  of  sand  and  the  higher  percentages  of 
angular  grains  suggest  that  the  waters  were  considerably  deeper 
than  were  those  in  which  the  Dresbach  sediments  of  these  quad- 
rangles were  deposited.  The  mud  cracks  in  the  lower  greensand 
prove  that  at  times  during  the  deposition  of  that  member  several 
hundred  square  miles  of  the  two  quadrangles  lay  above  water-level. 
The  writers  believe  that  somewhat  similar  shore  conditions  obtained 
during  Franconia  time  as  during  Dresbach,  with  the  diflFerence 
that  the  Franconia  sediments  were  deposited  somewhat  farther 
from  land  influences.  Any  interpretation  must  take  into  consider- 
ation the  occurrence  and  abundance  of  greensand.  This  evidence 
has  not  been  thoroughly  evaluated,  but  nothing  has  been  dis- 
covered which  is  not  in  harmony  with  the  foregoing  interpretation. 

THE  ST.  LAWKENCE  FORMATION 

The  St.  Lawrence  formation  was  defined  by  N.  H.  Winchell  as 
the  Si.  Lawrence  limestone.'  Its  limitations  were  not  definitely 
given  because  they  were  not  known.  The  stratigraphic  boimdaries 
as  they  exist  in  western  Wisconsin  were  worked  out  by  Ulrich,  and 
in  this  article  the  term  is  used  with  the  significance  given  it  by 
him.  The  strata  of  the  two  quadrangles  which  are  referred 
to  the  St.  Lawrence  by  the  writers  were  designated  the  Sparta 
shales  by  Shipton  on  the  supposition  that  they  represented  an 

» N.  H.  Winchell,  Minn,  Geol,  and  Nat.  Hist.  Surv.,  Second  Ann.  Kept.  (1874). 
pp.  152-55;   Fourth  Ann.  Rept.  (1876),  pp.  32-34. 
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undescribed  stratigrapbic  unit/  Tfiis  supposition  does  not  appear 
to  be  correct. 

Where  the  St.  Lawrence  is  not  overlain  by  higher  strata  there 
develops  a  rolling  topography  of  gentle  outlines.  Where  higher 
strata  are  present  there  is  a  gently  sloping  surface  on  which  rela- 
tively resistant  strata  near  the  middle  of  the  formation  give  rise 
to  discontinuous  terraces.  Quite  commonly  the  upper  beds  of  the 
St.  Lawrence  form  the  basal  portions  of  the  higher  tier  of  cliflfs. 

Relations  to  the  Franconia  formation, — ^At  all  places  where  the 
contact  between  the  Franconia  and  the  St.  Lawrence  has  been  seen 
there  is  present  an  edgewise  conglomerate  composed  of  pebbles 
derived  from  the  upper  greensand  member  of  the  Franconia. 
These  pebbles  appear  to  have  been  indurated  before  their  deposi- 
tion, thus  indicating  the  exposure  and  erosion  of  Franconia  rocks 
at  the  beginning  of  the  St.  Lawrence  deposition.  If  such  erosion 
has  occurred,  as  appears  quite  probable,  it  follows  that  the  two 
formations  are  separated  by  a  disconformity.  The  variation  in 
thickness  of  the  Franconia  is  in  harmony  with  this  conclusion. 

Characteristics, — In  the  exposures  of  the  Tomah  and  Sparta 
quadrangles  the  St.  Lawrence  formation  consists  largely  of  sand- 
stones. Some  of  the  beds  of  the  lower  half  are  more  or  less  dolo- 
mitic  and  shaley  and  others  contain  small  quantities  of  greensand. 
Farther  to  the  southeast  in  the  Wisconsin  Valley  the  dolomite 
content  is  greater,  and  one  member  of  the  formation  is  a  dolomite. 

It  is  possible  to  divide  the  St.  Lawrence  into  two  members: 
a  lower,  composed  of  shaley  and  fine-grained,  light-yellow  to  light- 
brown  sandstone  in  which  there  are  some  dolomitic  layers  with 
local  lenses  (i  foot  maximum  thickness)  of  gray-  and  purple-spotted 
dolomite  and  also  a  little  greensand,  and  an  upper,  consisting  of 
fine-grained  yellow  sandstones  in  which  are  several  layers  (6  inches 
to  4  feet)  of  conglomerate  composed  of  fiine-grained  yellow  sand- 
stone pebbles  of  lenticular  shapes  in  a  matrix  of  yellow  sandstone 
of  coarser  grain.  The  pebbles  are  commonly  in  horizontal  position, 
but  a  conglomerate  near  the  middle  of  the  formation  has  thAn  in 
edgewise  position  with  inclinations  varying  to  nearly  vertical.     The 

»W.  D.  Shipton,  "A  New  Stratigraphic  Horizon  in  the  Cambrian  System  of 
Wisconsin,"  Proc.  Iowa  Acad.  Set.,  XXIII  (1916),  142-45. 


Digitized  by 


Google 


628  W.  H.  TWENHOFEL  AND  F.  T.  THWAITES 

sandstones  are  generally  thin-laminated  and  quite  regularly  bedded. 
In  some  of  the  layers,  particularly  those  in  the  upper  member, 
cross-lamination  is  present  to  a  high  d^ree.  The  angles  of  inclina- 
tion are  generally  low  and  of  variable  direction;  but  inclinations 
of  southerly  direction  appear  to  be  the  more  common.  The  thick- 
ness varies  from  78  to  no  feet. 

Fossils  are  extremely  abundant  in  some  layers,  most  of  them 
being  trilobites.  One  of  the  locally  developed  dolomitic  layers  of 
the  lower  member  contains  niunerous  brachiopods  which  are 
identical  with,  or  closely  related  to,  BiUingsdla  coloradaensis 
(Shumard).  The  broken  condition  of  the  trilobites  indicates  that 
they  were  washed  about  by  waves  and  currents  before  their  final 
deposition. 

Conditions  of  origin. — The  St.  Lawrence  strata  are  of  marine 
origin,  and  the  sediments  composing  them  were  deposited  in  shallow 
water.  Some  beds  were  deposited  under  conditions  which  per- 
mitted the  development  of  mud  cracks,  such  having  been  found 
near  the  base  of  the  formation  on  the  northeastern  edge  of  the 
Tomah  quadrangle  and  near  the  middle  of  the  lower  member  on 
the  Wisconsin  River.  The  numerous  bands  of  conglomerate  prove 
waters  suflSciently  shallow  for  the  transportation  of  good-sized 
pebbles  over  extensive  areas;  presumably  these  were  derived  from 
the  shores  and  carried  out  to  deeper  waters.  They  may  possibly 
indicate  backward  and  forward  migration  of  the  shore  line.  It 
is  believed  that  the  broad  sand-fiat  conditions  postulated  for  the 
times  of  the  preceding  formations  were  still  existent,  and  that  the 
St.  Lawrence  sediments  indicate  somewhat  greater  depths  of  water 
and  greater  distances  from  land  conditions  than  obtained  during 
the  deposition  of  the  Dresbach  sediments  of  the  two  quadrangles. 

THE  JORDAN  FORMATION 

Succeeding  the  fine-grained  sandstones  of  the  upper  St.  Law- 
rence are  sandstones  which  are  correlated  with  the  Jordan  fonna- 
tion  ^f  Minnesota,  the  writers  using  that  term  in  the  sense  defined 
by  Ulrich  in  the  paper  by  Walcott.  Throughout  the  two  quad- 
rangles the  sandstones  referred  to  this  formation  in  large  part  make 
the  upper  tier  of  cliffs. 
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Relalions  to  the  Si,  Lawrence  formation, — In  many  places  it  is 
extremely  difficult  to  locate  the  surface  of  division  between  the 
St.  Lawrence  and  Jordan  formations.  Locally  the  strata  assigned 
to  the  Jordan  begin  with  a  long,  fore-set,  cross-laminated  stratum 
which  in  comparison  with  the  more  horizontally  laminated  St.  Law- 
rence makes  the  contact  quite  conspicuous.  In  some  exposures  a 
thin  layer  of  conglomerate  marks  the  contact.  In  their  larger 
relations  the  two  groups  of  rocks  are  quite  different,  the  bedding  of 
the  Jordan  being  much  more  irregular  and  the  sands  more  coarse 
than  obtain  in  the  St.  Lawrence.  The  writers  have  observed  no 
decisive  evidence  in  this  area  that  the  St.  Lawrence  strata  were 
eroded  before  the  deposition  of  the  Jordan. 

Characteristics. — The  Jordan  formation  in  these  two  quad- 
rangles consists  wholly  of  sandstone.  The  textures  vary  from 
coarse  to  fine*  and  the  colors  from  gray  to  light  brown.  The 
sorting  is  generally  not  good.  Some  beds  contain  an  abundance  of 
fine-grained  sandstone  pebbles.  A  characteristic  feature  is  the 
presence  of  calcareous  concretions  with  diameters  var3dng  from  a 
fraction  of  an  inch  to  about  2  inches.  The  bedding  is  massive  and 
extremely  irregular.  Cross-lamination  and  cross-bedding  are 
present  throughout,  some  of  the  fore-sets  being  up  to  50  feet  in 
length  and  having  angles  of  inclination  for  such  lengths  up  to  25"*. 
Directions  vary,  but  the  writers'  observations  indicate  a  dominance 
of  inclination  in  a  southerly  direction.  No  fossils  have  been  ob- 
served in  this  formation  in  either  of  the  two  quadrangles.  The 
thickness  varies  from  about  20  to  about  40  feet. 

Conditions  of  origin, — There  is  no  known  evidence  in  either  of 
the  two  quadrangles  to  indicate  that  the  Jordan  sandstone  is  of 
marine  origin.  Parts  of  it  appear  to  have  been  deposited  by  the 
wind.  To  the  writers  it  appears  probable  that  the  formation 
represents  the  emergent  deposits  consequent  upon  the  complete 
withdrawal  of  the  waters  from  the  sand  flats  postulated  for  the 
times  of  the  preceding  formations. 

THE  MADISON   (?)   FORMATION 

Overlying  the  sandstones  which  have  been  identified  as  belong- 
ing to  the  Jordan  are  other  sandstones  which  in  some  respects 
resemble  those  of  the  Madison  formation.    These  sandstones  are 
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better  stratified  than  are  those  immediately  below.  They  are  also 
usually  more  or  less  dolomitic,  and  at  or  near  the  top  there  is  quite 
genera,lly  a  hard  quartzite-like  sandstone  to  which  the  field  name 
of  "clinkstone"  was  given.  Up  to  the  present  these  sandstones 
have  yielded  no  fossils  other  than  worm  borings  which  resemble 
those  found  in  the  typical  Madison  sandstone.  The  thickness 
varies  from  2  to  about  20  feet. 

If  these  sandstones  are  really  of  Madison  age  it  is  probable  that 
an  erosion  interval  occurred  between  the  deposition  of  the  Jordan 
and  the  Madison.  The  decisive  evidence  for  such  an  interval  has 
not  been  found  in  these  quadrangles,  although  suggested  by  the 
considerable  variation  in  the  thickness  of  the  Jordan.  Such 
variation  in  thickness,  however,  is  readily  explained  through 
inequality  of  deposition,  which  is  a  rather  usual  condition  in  sand- 
stone deposits.  Near  Madison  the  Mendota  dolomite  is  said  by 
Ulrich  to  hold  a  stratigraphic  position  between  the  Madison  and 
Jordan  formations.'  If  this  be  correct  and  these  sandstones  are 
really  of  Madison  age,  there  is  little  doubt  of  the  presence  of  a 
disconformity. 

ORDOVICIAN   SYSTEM 
IKTRODUCnON 

Only  two  formations  of  the  Ordovidan  system  are  present 
within  the  two  quadrangles.  These  are  the  Oneota  dolomite  (in 
the  arrangement  of  the  systems  of  Dr.  Ulrich  the  Oneota  and  the 
Madison  are  referred  to  his  Ozarkian  system)  and  the  St.  Peter 
sandstone,  each  markedly  different  from  the  other  in  character, 
origin,  and  distribution.  The  two  formations  are  separated  from 
each  other  by  a  decided  disconformity  of  marked  relief. 

THE  ONEOTA  TORICATION 

The  Oneota  formation  xmderlies  the  higher  uplands  and,  except 
for  small  outliers,  is  largely  confined  to  the  southern  halves  of  the 
two  quadrangles.  These  upland  areas  have  gentle  outlines  and 
slope  with  slight  inclination  in  a  southwesterly  direction. 

»E.  O.  Ulrich,  "Correlations  by  Displacements  of  the  Strandline,  etc.,"  BnU, 
Geol.  Sac,  Amer.,  XXVII  (1916),  460. 


Digitized  by 


Google 


THE  TOM  AH  AND  SPARTA  QUADRANGLES  631 

The  Oneota  is  quite  commonly  considered  the  lower  member  of 
the  Prairie  du  Chien  formation.  In  the  older  nomenclature  it 
constituted  one  of  the  members  of  the  Lower  Magnesian  group. 

Relations  to  underlying  strata. — There  is  essential  parallelism 
between  the  beds  of  the  Oneota  and  \mderl3ang  strata,  but  it  is 
believed  that  the  latter  were  eroded  before  the  deposition  of  the 
former.  The  basal  bed  of  the  Oneota  is  quite  commonly  a  con- 
glomerate, and  mud  cracking  is  not  rare  in  the  associated  clayey 
beds.  The  quartzite-like  beds — the  "clinkstones" — ^in  the  upper 
portion  of  the  Madison  (?)  may  be  a  case  of  pre-Oneota  case- 
hardening  resulting  from  exposure  before  Oneota  deposition.  Near 
Madison  bowlders  of  a  quite  similar  quartzite  are  present  in  the 
basal  Oneota,  suggesting  that  the  foregoing  is  a  possibility.  The 
thickness  of  the  imderlying  sandstones  varies  from  place  to  place, 
and  the  upper  surface  of  these  sandstones  suggests  erosion  before 
the  deposition  of  the  Oneota. 

Characteristics. — ^The  Oneota  formation  consists  of  firm  and 
compact  dolomites  in  regular  beds.  Colors  vary  from  gray  to 
drab.  Some  of  the  lower  beds  are  oSlitic.  The  basal  beds  are 
somewhat  sandy,  and  a  conglomerate  of  dolomite  and  sandstone 
pebbles  in  a  sandy  dolomite  matrix  is  quite  conmionly  present  at 
the  base.  This  conglomerate  and  some  of  the  immediately  over- 
lying sandstone  beds  contain  flakes  of  green  shale.  The  sandy 
beds  persist  through  about  a  dozen  feet  of  strata.  Quite  commonly 
the  sandy  beds  are  so  firmly  cemented  as  to  form  quartzite.  A  few 
feet  above  the  base  there  is  a  rather  persistent  bed  of  fine-grained 
white  sandstone  which  locally  is  firmly  cemented  to  form  a  white 
quartzite.  Much  gray,  blue,  and  yellow  chert  is  present  through- 
out, and  some  beds  contain  vast  quantities.  The  chert  of  the 
oolitic  layers  is  also  oolitic.  The  dolomite  contains  many  small 
cavities,  some  of  which  are  lined  with  white,  yellow,  and  amethys- 
tine quartz. 

The  maximum  thickness  of  the  Oneota'  in  these  areas  is  not 
believed  to  exceed  170  feet. 

The  most  common  fossils  of  the  Oneota  formation  are  irregular 
masses  of  Cryptozoa.  These  are  abundantly  present  as  isolated 
individuals  and  more  rarely  as  reeflike  masses,  one  of  the  latter 
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quite  commonly  being  present  about  30  feet  above  the  base.  In 
fully  half  of  the  occurrences  they  are  composed  of  chert.  Other 
common  fossils  are  small  cephalopods,  low-spired  gastropods,  and 
shells  of  a  chiton-like  organism.  These  are  generally  poorly  pre- 
served, casts  and  molds  being  the  only  forms  which  have  been 
observed,  and  the  writers — the  chiton-like  form  excepted— have 
found  them  only  in  the  chert.  The  writers  have  found  no  fossils 
composed  of  dolomite  except  those  of  Cryptozoa. 

CandUians  of  origin. — The  strata  of  the  Oneota  formation  are 
wholly  of  marine  origin.  They  are  not  the  deposits  of  deep  water, 
but  in  large  part  appear  to  have  been  deposited  below  wave-base. 

THE  ST.  PETER  FORMATION 

The  St.  Peter  sandstone  occurs  only  as  small  patches  which  fill 
erosion  depressions  in  the  Oneota.  None  has  been  discovered  over 
the  northern  half  of  the  area.  The  most  extensive  occurrence  is  in 
the  southeastern  corner  of  the  Sparta  and  the  adjacent  part  of  the 
Tomah  quadrangle.  Residual  float  from  the  St.  Peter  is  quite 
abundantly  present  over  those  parts  of  the  uplands  which  are 
underlain  by  the  Oneota. 

Relations  to  underlying  formations, — The  most  striking  feature 
of  the  St.  Peter  formation  is  the  relief  of  the  disconformity  which 
marks  its  base.  The  stratigraphic  position  of  the  St.  Peter  in  this 
region  is  above  the  Shakopee  formation;  but  that  formation,  if 
deposited  over  these  two  quadrangles,  was  removed  before  St.  Peter 
deposition,  so  that  the  St.  Peter  rests  on  the  Oneota,  except  in  one 
exposure,  where  it  was  found  to  rest  on  the  Jordan,  thus  giving  to 
the  surface  of  disconformity  a  stratigraphic  relief  of  fully  200  feet. 

Characteristics. — The  St.  Peter  formation  consists  of  loose, 
friable,  yellow  to  brown,  fine-  to  medium-grained  sandstone  with  a 
variable  thickness  of  red  and  green  non-calcareous  shales  and  fine- 
grained shaley  yellow  sandstones  in  the  basal  portions.  At  ever}^ 
place  where  the  base  of  the  stratified  St.  Peter  was  observed  it 
rests  on  a  residuum  of  red  clay  and  chert  which  is  altogether  without 
stratification.  This  resiouum  was  derived  from  the  weathering  of 
the  Oneota  and  possibly  higher  formations.  In  this  article  this 
unstratified  material  is  assigned  to  the  St.  Peter,  although  it 
developed  during  the  time  of  erosion  which  intervened  in  this  area 
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between  the  Oneota  and  the  St.  Peter  and  thus  might  be  considered 
a  distinct  formation.  Some  of  the  sandstones  are  locally  so  case- 
hardened  as  to  resemble  quartzite,  and  these  form  a  residual  float 
over  the  surface  of  the  Oneota.  In  many  cases  the  sandstones  are 
so  little  cemented  as  to  be  quarried  for  sand.  Except  for  the  basal 
layers,  the  sands  are  clean,  well  sorted,  and  well  roimded.  A  large 
proportion  of  the  grains  are  of  high  sphericity.  The  strata  imme- 
diately above  the  residuum  are  fairly  well  bedded.  Higher  strata 
have  all  degrees  of  cross-lamination  and  cross-bedding. 

The  known  thickness  of  the  St.  Peter  in  this  area  does  not 
exceed  70  feet.  No  fossils  have  been  foimd  in  the  St.  Peter  sand- 
stones of  this  area  or,  for  that  matter,  in  any  part  of  Wisconsin 
known  to  the  writers.  In  eastern  Minnesota  the  St.  Peter  has 
yielded  fossils.' 

Conditions  of  origin, — ^While  all  the  facts  relating  to  the  origin 
of  the  St.  Peter  have  not  yet  been  completely  evaluated  and  more 
data  are  being  collected,  it  does  not  appear  probable  to  the  writers 
that  any  part  of  the  St.  Peter  sandstones  in  either  of  the  two 
quadrangles  is  of  marine  origin.  The  basal  portions  are  certainly 
of  residual  origin  and  as  this  residuum  extends  over  the  tops  of  the 
St.  Peter  hiUs  it  proves  the  absence  of  marine-T^ave  wash  during 
the  deposition  of  all  material  up  to  the  tops  of  these  hills.  The 
shales  and  sandstones  immediately  overlying  the  basal  residuum 
appear  to  be  of  stream  deposition.  The  higher,  clean,  cross- 
laminated  sands  have  characteristics  which  suggest  their  modifica- 
tion and  deposition  by  the  wind. 

CONCLUSION 

With  the  St.  Peter  formation  the  Paleozoic  section  of  the 
Sparta  and  Tomah  quadrangles  is  concluded.  That  other  Ordo- 
vician  and  also  Silurian  formations  once  extended  over  this  region 
is  strongly  suggested,  if  not  proved,  by  the  ragged  edges  of  strata 
of  these  two  systems  which  are  found  at  comparatively  short 
distances  to  the  south  and  west.  It  is  possible  that  formations 
younger  than  the  Silurian  were  once  present;  but,  if  so,  evidence 
of  their  former  existence  has  not  been  discovered. 

«  F.  W.  Sardeson,  BuU.  Minn,  Acad,  Nat.  Scu,  IV,  No.  i  (1896),  pp.  64-88. 
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Some  time  ago  the  writer,  during  the  course  of  a  recomiaissance 
in  southern  Utah,  made  a  small  collection  of  fossils  from  marine 
beds  near  the  base  of  what  is  quite  probably  the  McElmo  formation. 
These  were  collected  about  a  half-mile  southwest  of  Teasdale 
(Teardale  on  the  Fish  Lake  reconnaissance  topographic  sheet  of 
the  United  States  Geological   Survey),  probably  in  section  20, 


Fig.  I. — Contact  of  thin-bedded  marine  Jurassic  limestone  on  white  czoss-bedded 
sandstone  of  La  Plata  group.  One-half  mile  southwest  of  Teasdale,  Utah.  (Contact 
at  black  line.) 

T.  29  S.,  R.  4  E.  At  the  point  where  the  fossils  were  coUected  the 
exposures  consisted  of  about  100  feet  of  white  massive  cross- 
bedded  sandstone,  taken  to  be  the  top  of  the  La  Plata,  above  which 
were  a  few  feet  of  thin-bedded  shaly  limestones,  constituting  the 
fossil-bearing  horizon  (Fig.  i).  On  account  of  the  inaccessibility 
of  the  slopes  and  the  very  limited  time  available,  no  detailed  section 
was  measured  at  this  point. 
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The  writer,  however,  measured  a  detailed  section  near  the 
mouth  of  Cedar  Canyon,  about  6  miles  due  east  of  Loa,  along  the 
west  base  of  Thousand  Lake  Moimtain,  just  east  of  the  fault  that 
is  reported  by  Button'  to  form  the  west  scarp  of  that  moimtain. 
The  section  follows.  Figure  2  shows  the  beds  in  the  upper  part  of 
the  section. 

SECTION  AT  MOUTH  OF  CEDAR  CANYON,  6  MILES  EAST  OF  LOA 

Talus  from  cliffs  of  overlying  lava. 
-    Alternating  green  and  red  sandy  shales  with  occasional  gyp- 
sum beds. 

Covered  slope,  abundant  gypsum  fragments,  probably  gypsum. 
Gypsum  with  thin  clay  seams. 
Drab  shale,  more  massive  than  No.  24,  forms  ledge. 
Thin-bedded  drab  shale  in  sl<^. 

Calcareousj^y  shale,  in  cliff,  weathers  with  rounded  siirfaces. 
Slightly  argillaceous  notably  cross-bedded  limestone. 
Covered  slope;  digging  shows  red  and  gray  clay. 
Dense  thin-bedded  calcareous  shale  or  argillaceous  limestone, 
forms  bench. 

Thin-bedded  calcareous  shale  or  argillaceous  limestone,  forms 
slopes. 

Brown,  sandy,  porous  limestone. 
Greenish  gypsum. 
Green  argillaceous  sandstone. 
Covered  slope. 
Gypsum. 

Covered  slope,  probably  red  shale. 
Gray  liniestone. 
Thin-bedded  drab  shale. 
Very  light  gray  limestone. 

Fairly  well-bedded  greenish,  argillaceous  sandstone. 
Covered,  probably  shale. 

Fissile  red-brown  shale,  in  a  bench  with  marked  re-entrant 
angles. 

Thin-bedded  drab  shale. 

Gray  limestone,  with  thin  shale  near  middle,  fossiliferous. 
Greenish  sandy  shale. 

Thin-bedded  drab  limestone,  slightly  cross-bedded. 
Tan-colored,  well-bedded  argillaceous  sandstone. 
White  cross-bedded  sandstone. 

989 
'  C.  E.  Dutton,  "Report  on  the  Geology  of  the  High  Plateaus  of  Utah,"  1880.. 
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In  this  section,  Nos.  i  and  probably  2  are  thought  to  be  La  Plata. 
No.  6  is  ahnost  certainly  the  same  horizon  from  which  the  Teasdale 
collection  of  fossils  was  made.  It  is  pertiaps  10  miles  or  less  from 
Cedar  Canyon  southeast  to  Teasdale. 

The  fossils  were  submitted  to  Dr.  T.  W.  Stanton,  of  the  United 
States  Geological  Survey,  who  lists  them  as  follows:  Pentacrinus 
whitd  Clark;  CampUmectes  platesstformis  White;  Trigonia  quad- 
rangularis  Hall  and  Whitfield;  small  imdescribed  gastropods. 

Dr*  Stanton'  says,  "These  fossils  show  dose  relationship  with 
the  Sundance  fauna,  but  there  have  been  different  opinions  con- 
cerning the  exact  position  of  the  bed  containing  them  with  reference 


Fig.  2. — White,  red,  and  green  sandy  shale  and  gypsum  above  marine  Jurassic 
limestone,  head  of  Cedar  Canyon,  6  miles  east  of  Loa,  on  west  slope  of  Thousand 
Lake  Mountain,  Utah. 


to  the  La  Plata.  C.  T.  Lupton,  who  observed  the  same  fossiliferous 
horizon,  included  it  in  the  McElmo  and  agreed  with  you  in  consider- 
ing the  top  of  the  underlying  sandstone  as  the  top  of  the  La  Plata.' 
W.  B.  Emery,  who  has  had  the  advantage  of  field  work  in  north- 
eastern Arizona  and  northwestern  New  Mexico  as  well  as  southern 
Utah,  thinks  that  this  fossiliferous  Jurassic  limestone  represents 
the  Todilto  formation  which  is  near  the  middle  of  the  La  Plata 
group  according  to  Gregory *s  stratigraphy  in  Professional  Paper  gj. 

'  Personal  communication.  *  U^.  Geol.  Surv.,  Bull.  ^41,  p.  125. 
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You  will  find  his  discussion  of  the  section  in  a  paper  on  the  Green 
River  Desert  section,  Utah."* 

The  earliest  reference  to  fossiliferous  beds  at  this  horizon  in 
this  locality  that  has  come  imder  the  notice  of  the  writer  is  by 
Gflbert,*  who,  in  describing  the  Flaming  Gorge  formation,  says: 
"In  the  immediate  vicinity  of  the  Henry  Moimtains  it  varies  little 
except  in  color  from  summit  to  base,  but  in  other  localities  not  far 
distant  it  is  interrupted  near  the  base  by  thick  beds  of  gypsiun 
and  gypsiferous  clays,  and  by  a  sectile,  fossiliferous  limestone." 
Gilbert's  Vermilion  Cliff  and  Gray  Cliff  sandstones  in  this  locality 
have  been  generally  supposed  to  represent  the  two  major  divisions 
of  the  La  Plata  group,  described  by  Gregory*  in  the  Navajo  coimtry 
as  the  Wingate  and  Navajo  sandstones  respectively;  and  although 
Cross^  interprets  the  Vermilion  Cliff  of  the  older  writers  to  be  the 
upper  part,  at  least,  of  the  present  Dolores  formation,  anyone  who 
has  studied  the  detailed  section  given  by  Gilbert  in  the  identical 
localities  from  which  he  describes  them  cannot  help  being  certain 
that  his  upper  Shinarump  shales  are  Dolores,  and  that  his  Vermilion 
Cliff  sandstone  includes  the  base  of  the  La  Plata  and  probably 
does  not  include  any  of  the  Dolores.  Likewise  Gilbert's  Gray  Cliff 
is  La  Plata,  and  his  Flaming  Gorge  is  in  part,  and  probably  in 
totality,  the  equivalent  of  the  McElmo  formation  of  more  recent 
writers. 

The  present  writer  has  studied  these  formations  in  some  detail 
in  the  region  described  by  Gilbert,  particularly  along  Water 
Pocket  Canyon  and  on  the  Water  Pocket  Flexure.  Here  the  total 
thickness  of  the  Vermilion  Cliff  and  Gray  Cliff  together  is  estimated 
(not  measured)  as  not  less  than  1,500  feet.  Near  the  contact 
between  them  is  about  100  feet  of  shaly  red  sandstone,  less  resistant 
than  the  material  above  and  below,  and  this  is  believed  by  the 
writer  to  correspond  to  Gregory's  Todilto  beds.    The  general 

'Amer,  Jour.  Set.,  XL VI  (October,  1918),  551-57. 
» G.  K.  Gilbert,  Report  on  the  Geology  of  the  Henry  Mountains,  1880. 
^H.  E.  Gregory,  "Geology  of  the  Navajo  Country,"  U.S.  Geol.  Surv.,  Prof. 
Paper  93,1917. 

4  Whitman  Cross,  "Stratigraphic  Results  of  a  Reconnaissance  in  Western  Colorado 
and  Eastern  Utah,"  Jour.  Geol.,  XV  (1907),  634-79. 
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nature  of  these  beds  is  best  brought  out  by  the  illustrations. 
Figure  3  shows  a  sheer  wall  of  the  Vermilion  CliflP;  Figure  4  illus- 
trates one  of  the  characteristic  arches  developed  by  the  curved 
lamination  of  the  same  formation,  and,  in  addition,  shows  the  over- 
lying thin,  shaly  red  sandstones 
of  the  supposed  Todilto.  In 
Figure  5  the  same  thin-bedded 
red  sandstone  is  shown  at  the 
base,  capped  by  a  remarkable 
wall  of  the  upper,  or  Gray  Cliflf, 
formation.  In  the  foreground 
of  Figure  6  is  shown  a  low  cliff 
of  the  Moenkopi  capped  with 
Shinarump  conglomerate ; 
above  that,  slopes  exposing  500 
to  600  feet  of  Dolores  or  Chinle 
shales  (upper  Shinarump  shale) ; 
in  the  middle  distance  massive 
cliflFs  of  the  lower  La  Plata  or 
Vermilion  (Wingate?);  next 
above  are  slightly  thinner  beds 
capping  the  cliflf  (probably  To- 
dilto) ;  and  finally  in  the  back- 
ground the  amazing  domes  of 
the  upper  La  Plata  or  Gray 
Cliflf  (Navajo  ?),  which  give  the 
name  of  Capitol  Wash  to  the 
canyon.  Figure  7  also  shows 
the  three  divisions  of  the  La 
Plata  here,  the  Vermilion  Cliff 
below  (the  sheer  wall),  then  the 
more  shaly  beds,  and  finally  the  Gray  Cliflf  sandstone  above  with 
its  characteristic  domes. 

Near  the  base  of  the  Flaming  Gorge  at  this  point  are  also 
massive  tan  sandstones  identical  with  the  La  Plata  (Figs.  8,  9,  10) 
and  only  distinguished  from  it  by  their  position  well  above  both 
divisions  of  the  La  Plata,  as  just  described.    In  Water  Pocket 


Fig.  3.~Cli£f  of  basal  La  Plata  sand- 
stone (Vermilion  Cliff),  in  Mule  Twist 
Canyon,  Water  Pocket  Flexure,  near 
Henry  Mountains,  Utah.  (Vertical  lines 
are  not  bedding,  but  probably  water 
streaking.) 
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Canyon  the  basal  Flaming  Gorge  contains  heavy  gypsum  beds 
occupying  a  position  below  this  tan  sandstone  and  above  the  two- 
fold La  Plata  sandstones.  In  this  locality  the  fossiliferous  lime- 
stones were  not  noted  by  the  writer,  but  they  are  reported  by 
Gilbert'  west  of  Masuk  Plateau.  The  localities  in  Water  Pocket 
Canyon  are  perhaps  30  or  40  miles  southeast  of  where  the  Teasdale 
coUection  was  made. 

In  the  Water  Pocket  Canyon  locality  the  Flaming  Gorge  beds 
supposed  to  be  McElmo  are  directly  overlain  by  sandstones  that 


Fig.  4. — Lower  La  Plata  (Vermilion  Cliff)  sandstone,  with  characteristic  arch, 
overlain  by  thin-bedded  red  sandy  shale  (Todilto  ?)  in  Mule  Twist  Canyon,  Water 
Pocket  Flexure,  near  Henry  Mountains,  Utah. 

grade  up  into  typical  Mancos  shale.  From  these  sandstone  beds 
the  writer  collected  the  following  fossils  along  Bitter  Creek  Divide. 
Identifications  were  made  by  Dr.  Stanton,  who  says:*  "The  col- 
lection from  the  sandstone  near  base  of  Mancos  shale  in  Water 
Pocket  Canyon  yielded  a  nimiber  of  species  that  are  known  to  be 
characteristic  of  the  sandstones  in  the  lower  part  of  the  Mancos, 
as  follows:  Ostrea  prudentia  White;  Exogyra  columbella  Meek; 
Exogyra  sp,y  related  to  E.  laeviuscula  Roemer;*  Exogyra  sp.^ 
related  to  E,  panderosa  Roemer;*    Gryphaea  newberryi  Stanton; 

'  G.  K.  Gilbert,  op,  cU.,  Fig.  2.  >  Personal  communication. 

*"White  identified  these  two  Texas  species  in  collections  from  southeastern  Utah 
and  I  repeated  his  descriptions  and  figures  under  the  same  names  in  Bull,  106  but  I 
now  think  them  to  be  probably  distinct.'' 
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Plicatula  hydrotheca  White;  CamptonecUs  plaUssa  White;  AstarU? 
sp.;  Cardium  trite  White;  Liopisiha  {Psilomya)  elongaia  Stanton." 
This  should  serve  to  fix  the  Flaming  Gorge,  which  is  next  below 
these  sandstones,  as  at  least  in  part  McElmo,  and  the  writer  has 
shown,  in  the  foregoing,  that  it  lies  above  a  sandstone  with  two 

definite  divisions,  believed  to 
correspond  to  the  La  Plata. 

Unfortimately,  at  the  point 
where  the  fossils  were  coUected, 
the  relations  so  plain  in  Water 
Pocket  Canyon  could  not  be 
seen,  partly  because  of  faulting 
and  partly  because  of  burial  by 
lavas.  However,  there  is  but 
little  doubt  in  the  writer's  mind 
that  the  Jurassic  fossils  were 
foimd  in  beds  below  typical 
McElmo  and  above  the  top 
of  the  La  Plata.  He  believes 
that  the  McElmo  formation  is 
in  its  upper  part  equivalent 
to  the  Morrison,  and  that  the 
lower  beds,  apparently  equiva- 
lent to  the  Sundance  of  Wyo- 
ming, lie  above  the  top  of  the 
true  La  Plata  (Table  I) . 

This  is  in  marked  contrast 
to  the  conclusions  of  Emery,' 
who  considers  that  the  Gray 
and  Vermilion  CliflF  sandstones 
are  both  Wingate,  that  the  fossiliferous  gypsum-bearing  beds  of 
the  writer's  section  are  Todilto  (middle  La  Plata),  and  that  the 
sandstones  placed  in  the  McElmo  by  the  writer  are  Navajo.  As 
near  as  the  writer  can  judge,  Emery's  chief  reason  for  so  believing 
is  the  lithologic  similarity  of  the  limestones  of  the  type  Todilto 

'  W.  B.  Emery,  "The  Green  River  Desert  Section,  Utah,"  Amer,  Jour.  0}  Sci,, 
XLVI  (1918),  ssi-77. 


Fig.  5. — Thin-bedded  red  sandy  shale 
(Todilto?)  capped  with  La  Plata  (Gray 
Cliff)  sandstone,  Mule  Twist  Canyon, 
Water  Pocket  Flexure,  near  Henry  Moun- 
tains, Utah. 
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with  the  fossiliferous  horizons  here  described,  and  the  fact  that  the 
Todilto  seems  to  be  thickening  to  the  northwest  from  the  type  area. 


Fig.  6~Lookiiig  into  Capitol  Wash,  on  road  between  Fruita  and  Notom,  Utah. 
(MsMoenkopi,  S">Shinanimp,  D«  Dolores,  Wo  La  Plata  [Wingate?  or  Vermilion 
CM],  T=La  Plata  [Todilto?],  N-La  Plata  [Navajo?  or  Gray  Cliff]). 


Fig.  7. — Dirty  Devil  Canyon,  Fruita,  Utah.    Slope  at  base  is  Dolores,  and  the 
cliffs  show  three  divisions  of  the  La  Plata. 

Lee'  comes  to  conclusions  identical  with  those  of  Emery  and 
cites  many  instances  in  southern  Colorado  and   northern  New 

» W.  T.  Lee,  "Early  Mesozoic  Physiography  of  the  Southern  Rocky  Mountains," 
Smithsonian  Misc,  CoU.f  LXIX,  No.  4  (1918). 
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Mexico  of  the  occurrence  of  limestones  and  gypsum  above  a  sand- 
stone which  he  calls  repeatedly  lower  La  Plata,  or  Wingate.  The 
limestones  and  gypsum  are  correlated  by  him  with  the  Todilto  or 


Fig  8. — Flaming  Gorge  (McElmo?)  in  Water  Pocket  Canyon,  near  Henry 
Mountains,  Utah.  The  knobs  of  sandstone  in  the  foreground  overlie  gypsiun  beds 
and  BJre  part  of  what  Emery  correlates  as  Navajo. 


Fig.  9. — ^Detail  of  sandstone  beds  of  McEhno  shown  in  Fig.  8  above 

middle  La  Plata.  In  many  of  the  sections  referred  to  by  Lee  no 
sandstone  at  all  is  mentioned  above  the  limestones  and  gypsum. 
In  a  few  an  overlying  sandstone  is  described  as  probably  upper 
La  Plata  or  Navajo,  but  at  no  point  does  it  seem^  from  his  descrip- 
tions, to  closely  resemble  typical  Navajo. 
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The  writer  opposes  the  conclusions  of  Emery  and  Lee  on  the 
following  grounds: 

1.  There  are,  at  several  other  horizons  in  the  La  Plata,  lime- 
stone lenses  of  character  almost  absolutely  similar  to  the  Todilto 
with  which,  on  lithologic  grounds  alone,  these  fossiliferous  beds 
might  quite  as  well  be  correlated. 

2.  The  limestones  of  the  Todilto  and  all  the  other  limestones  of 
the  La  Plata  are  apparently  absolutely  non-fossiliferous,  while  these 
beds  are  packed  with  fossils. 

3.  As  described  by  Gregory  the  Todilto  is  not  a  gypsum- 
bearing  formation.    On   the  other   hand,   the  McElmo,  where 


Photo  by  L.  y.  ZotUr 

Fig.  10. — ^McElmo  gypsiferous  sandstone  and  shale,  Water  Pocket  Canyon, 
Utah.  These  beds  lie  above  the  gypsum  beds  in  dispute,  and  are  considered  Navajo 
by  Emery. 

definitely  known  to  overlie  true  Navajo,  though  it  does  not  carry 
gypsum  beds,  is  repeatedly  reported  as  highly  gypsiferous.  Gypsum 
is  also  an  abundant  constituent  of  the  fossiliferous  series  in  question. 
Li  a  personal  letter  Dr.  Stanton  called  the  writer's  attention  to  the 
fact  that  the  section  in  question  differed  from  typical  McElmo  in 
its  numerous  gypsum  beds.  The  criticism  applies  even  more 
positively  in  comparisons  with  the  non-gypsiferous  Todilto.  If,  as 
Lee  suggests,  the  Todilto  represents  the  fringe  of  the  marine 
fossiliferous  beds,  along  embayments  where  conditions  were 
unfavorable  to  marine  life,  the  gypsum-forming  conditions  should 
surely  be  presumed  to  persist  into  the  Todilto  area,  a  feature  of  the 
Todilto  that  Gregory  does  not  mention. 
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4.  That  portion  of  the  Flaming  Gorge  described  by  Emery  as 
the  Navajo  is  lithologically  very  unlike  the  type  Navajo.  Among 
these  dissimilarities  may  be  mentioned  the  presence  of  much  shale 
and  considerable  gypsum  in  the  Navajo  as  described  by  Emery, 
and  their  conspicuous  absence  in  the  Navajo  of  Gregory.  Further- 
more, Gregory  describes  much  limestone  as  an  almost  universal 
characteristic  near  the  top  of  the  Navajo  sandstone  in  its  type 
region.  The  Navajo  of  Emery  is  apparently  quite  without  such 
limestones. 

5.  According  to  Gregory,  greenish  tints  prevail  in  the  base  of 
the  McElmo.  The  basal  part  of  the  section  measured  by  the 
writer  also  shows  many  greenish  beds. 

6.  In  the  section  measured  by  the  writer,  totaling  989  feet,  in 
which  only  the  lower  165  feet  are  clearly  La  Plata,  there  are  824 
feet  of  beds,  among  which  it  is  almost  impossible  to  draw  any 
boundary.  They  are  certainly  not  all  Todilto,  or  else  the  Todilto 
has  thickened  most  enormously  in  this  section.  If  they  are  in  part 
Navajo,  as  must  be  the  case,  under  Emery's  conclusion,  then  the 
Navajo  here  grades  inseparably  into  Todilto. 

7.  The  McElmo,  in  Gregory's  report,  is  described  as  extremely 
variable,  but  as  prevailing  sandy,  with  many  intricately  cross- 
bedded  sandstone  members,  a  description  which  fits  well  the 
characteristics  of  the  supposed  Navajo  of  Emery's  paper. 

8.  If  the  basal  i>art  of  the  Flaming  Gorge  be  considered  as 
Todilto  and  Navajo,  the  total  thickness  of  the  La  Plata  group  in 
the  Water  Pocket  Canyon  region  will  approximate  2,500  feet, 
-which  represents  at  least  imusual  thickening  of  the  formation. 

9.  The  old  original  classification  by  Gilbert  represents  a  group 
of  lithologic  units  with  much  more  natural  physical  boundaries, 
at  least  in  the  area  studied  by  the  writer,  than  do  those  presented 
by  Emery.  In  justice  it  must  be  said,  however,  that  the  writer  has 
not  seen  the  localities  described  in  Emery's  paper.  His  own 
section  was  measured  about  midway  between  the  area  studied  by 
Emery  and  the  Water  Pocket  Canyon,  and  he  has  studied  the 
formations  south  but  not  north  of  that  point. 

10.  The  gypsiferous  beds  of  northern  New  Mexico,  so  frequently 
mentioned  by  Lee,  do  not  appear  to  be  overlain  by  any  beds  that 
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can  with  confidence  be  referred  to  the  Navajo.  The  sandy  beds 
which  he  describes  as  occurring  above  the  gypsum  fit  more  closely 
Gregory's  description  of  the  sandstones  above  typical  Navajo, 
being  those  considered  by  Gregory  to  constitute  the  McElmo.  This 
discrepancy  could  be  brought  about  either  by  a  mistake  in  the 
identity  of  the  sandstones  called  Wingate  below  the  gypsum  beds, 
or  by  the  absence  of  any  true  Navajo,  which  condition  would  allow 
the  gypsimi  beds  at  the  base  of  the  McElmo  to  rest  directly  on 
Wingate  or  Todilto. 

From  an  extensive  personal  survey  of  these  formations  over  a 
region  that  includes  the  Water  Pocket  Canyon,  Dirty  Devil 
Canyon,  the  Moab  Valley,  the  Big  Indian  Uplift,  the  San  Juan 
Uplift,  the  Fort  Defiance  Uplift,  and  the  Zuni  Uplift,  the  writer 
is  reasonably  familiar  with  the  lithologic  variations  of  these  forma- 
tions, and  in  view  of  the  facts  presented  he  is  forced  to  the  con- 
clusion that  these  marine  Jurassic  beds  are  not  the  eqiuvalent  of 
the  Todilto,  but  that  they  are  above  the  Navajo  sandstone. 

Whether  or  not  they  are  a  part  of  the  true  McElmo  is  another 
matter.  The  writer  is  quite  in  accord  with  Emery  in  believing  that 
a  pronounced  break  occurs  at  the  base  of  the  Salt  Wash  con- 
glomeratic sandstone.  A  similar  break,  with  heavy  conglomeratic 
beds,  was  noted  by  the  writer  at  the  Sundance-Morrison  contact 
in  the  valley  of  the  south  fork  of  Shoshone  River,  Wyoming.  The 
following  is  quoted  from  the  unpublished  manuscript  of  a  bulletin 
on  that  region  prepared  by  the  writer  for  the  Wyoming  State 
Geological  Survey:  "At  several  points,  particularly  near  the  south- 
east corner  of  section  19,  T.  51  N.,  R.  103  W.,  there  lies  between 
typical  Sundance  and  typical  Morrison  from  5  to  20  feet  of  coarse 
pebbly  sandstone.  The  pebbles  are  all  small,  mostly  less  than  one- 
fourth  inch  in  diameter,  and  consist  of  gray  shale,  gray  sandstone, 
black  chert,  and  quartz,  mostly  well  worn  and  roimded."'  A  break 
at  this  horizon,  of  great  importance,  is  considered  probable  by 
Schuchert.* 

This  break,  if  suflSciently  widespread,  might  well  justify  the 
separation  of  the  beds  below  the  Salt  Wash  member  as  a  distinct 
formation,  equivalent  to  the  Sundance. 

'  Charles  Schuchert,  "Age  of  the  American  Morrison  and  East  African  Tendaguru 
Formations,"  BiM  Geol.  Soc.  America,  XXDC  (1918),  245-80. 
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THE  WEST  POINT,  TEXAS,  SALT  DOME 
FREESTONE  COUNTY 


E.  DeGOLYER 
65  Broadway,  New  York  City,  New  Yoit 


• 


INTRODUCTION 

The  West  Point  salt  dome  is  a  large,  symmetrical  structure  of  the 
salt-dome  type  occurring  in  the  extreme  southeastern  corner  of 
Freestone  County,  Texas.  This  dome  structure  is  one  of  the  most 
symmetrical  and  best  defined,  both  geologically  and  topographi- 
cally, of  the  North  American  salt  domes,  notwithstanding  which 
it  seems  largely  to  have  escaped  the  attention  of  geologists  to  the 
present  time. 

References  to  it  in  geologic  literature  are  few  and  scant  and  no 
detailed  description  has  yet  been  published.  Deussen*  referred 
to  a  dome  in  Freestone  County  as  one  of  the  inner  belt  of  coastal 
domes,  and  Woodruff  '  first  described  the  West  Point  dome  gener- 
ally, emphasizing  particularly  its  fitness  for  study  as  a  type  example 
of  salt-dome  structure.  Hopkins^  included  this  dome,  which  he 
caUs  the  Butler  dome,  on  his  index  map  showing  the  location  of 
the  Palestine  dome,  and  Dumble^  described  it  briefly  under  the 
same  name. 

The  dome  has  been  examined  several  times  as  a  salt  or  petroleum 
prospect.  Lee  Hager  reported  upon  it  in  1908  and  in  his  report 
mentions  having  examined  it  for  private  interests  in  1907.  Lewis 
C.  Chapman  reported  on  it  in  191 5  and  various  geologists  of  the 

'Alexander  Deussen,  "The  Humble,  Texas,  Oil  Field,"  Southwestern  Assn. 
Pet,  Geol.y  Bull,  i  (1917),  pp.  60-79. 

« In  discussion  of  Deussen's  paper.  Southwestern  Assn.  Pet.  Gcol.,  Bull,  i  (191 7), 
pp.  7^84. 

J  Oliver  B.  Hopkins,  "The  Palestine  Salt  Dome,  Anderson  County.  Texas," 
U.  S.  Geol.  Survey,  Bull.  66ig  (191 7). 

*  E.  T.  Dumble,  "Origin  of  the  Texas  Domes,"  Amer.  Inst.  Min.  Eng.y  Bull. 
138  (June,  1918),  pp.  162(^36. 
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Roxana  Petroleum  Company  made  a  very  careful  and  detailed 
geologic  and  topographic  map  of  the  dome  about  the  same  time. 
The  writer  visited  tkf  West  Point  dome  in  1916  with  Lewis  C. 
Chapman.  He  wa§  so  struck  by  the  synmietry  of  the  dome,  the 
dear  manneLj[^Hdi  its  structiure  is  revealed,  and  its  peculiar 
and  characH^^^Kpography  that  he  resolved  to  study  it  more 


Fig.  I.— Topographic  and  geologic  map  of  the  West  Point  salt  dome,  Freestone 
County,  Texas. 

closely  at  the  first  opportunity  as  a  type  of  salt-dome  structure. 
This  opportunity  presented  itself  in  November,  191 7,  and  some  five 
days  were  spent  in  making  a  rapid  plane-table  sketch  of  the  dome. 
The  accompanying  map  (Fig.  i)  is  a  result  of  this  survey.  Not 
enough  time  was  available  to  make  the  detailed  and  extensive  map 
which  would  better  express  fully  the  geology  of  the  dome.   Traverses 
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were  run  along  the  principal  roads,  around  the  circular  drainage, 
and  across  the  mound. 

An  attempt  was  made  to  express  the  drainage  exactly,  the 
essential  topography,  and  sufficient  dips  and  strikes  to  outline  the 
dome  structure.  Many  dip  and  strike  observations  could  have 
been  made  in  addition  to  those  recorded.  No  attempt  was  made 
to  map  all  of  the  springs  and  water  seepages.  A  complete  map  of 
the  dome  should  express  in  greater  detail  the  topography  outside 
of  the  circular  strike  drainage. 

The  writer  has  withheld  this  map  in  the  hope  of  being  able  to 
make  further  field  studies,  but  as  the  opportimity  for  such  work 
seems  remote,  he  offers  the  map  in  its  present  form  as  a  contribution 
to  the  geology  of  salt  domes.  Acknowledgment  is  due  and  grate- 
fully rendered  to  Earle  S.  Porter  for  his  assistance  in  mapping  the 
dome,  to  Lewis  C.  Chapman  for  much  information  regarding  the 
dome,  and  to  Sidney  Powers,  whose  sketch  and  notes  regarding  a 
part  of  the  dome  the  writer  has  seen. 

LOCATION 

The  West  Point  salt  dome  lies  some  five  to  seven  miles  north  of 
the  town  of  Oakwood  on  the  International  and  Great  Northern 
Railroad,  and  extends  from  a  mile  or  two  east  of  Butler  post-office 
to  the  western  edge  of  the  flood  plain  of  the  Trinity  River  (Fig.  2). 

It  is  the  southernmost  known  dome  of  the  interior  group  of  salt 
domes  and  forms  a  triangle  with  the  nearby  Palestine  dome,  the 
center  of  which  lies  some  9  miles  N.  51°  E.,  and  with  the  Keechi 
dome,  the  center  of  which  lies  some  14.7  miles  N.  34°  E.  from  the 
center  of  the  West  Point  dome.  The  remaining  known  domes  of 
the  interior  group  in  Texas  are  the  Brooks  dome,  some  39  miles 
N".  34°  E.;  the  Steen  dome,  some  69  miles  N.  27°  E.;  and  Grand 
Saline,  some  74  miles  N.  9°  E. 

It  will  be  noticed  that  West  Point,  Keechi,  and  the  Brooks 
dome  lie  on  a  straight  line  striking  N.  34*"  E.  The  Palestine  and 
Steen  domes  lie  near  this  line.  This  line  of  strike  is  roughly  parallel 
to  that  of  the  Balcones  fault,  which  strikes  N.  25-30°  E.,  and  is  some 
70  miles  distant,  as  well  as  roughly  parallel  to  the  belts  formed  by 
the  outcrop  of  various  Tertiary  formations  to  the  westward. 
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Fig.  2. — Index  map  showing  location  and  relations  of  the  West|Point  dome 
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This  alignment  and  parallelism  were  recognized  and  mapped  by 
Veatch'  before  he  was  aware  of  the  existence  of  the  Keechi  and 
West  Point  domes. 

Davis  Hill,  in  Liberty  Coimty,  some  1 10  miles  S.SE.,  is  the  near- 
est of  the  known  coastal  salt  domes,  and  the  so-called  Brenham 
dome  is  about  the  same  distance  S.SW. 

The  Batson  and  Saratoga  fields,  some  125  miles  S.SE.  from 
West  Point,  are  the  nearest  proven  oil  fields  with  salt-dome 
structure.  The  nearest  producing  oil  field  of  any  type  is  the 
Powell  pool  of  the  Corsicana  field,  some  40  miles  northwest,  and 
the  nearest  producing  gas  field  is  the  Mexia-Groesbeck  field,  some 
37  miles  due  west  of  the  West  Point  dome. 

TOPOGRAPHY 

Topographically,  this  dome  consists  essentially  of  an  almost 
perfect  circular  moimd  surroimded  by  a  ring-shaped  valley,  and 
this  in  turn  is  boimded  on  its  outer  margin  by  high  hills  having 
steep  scarp  faces  toward  the  valley  and  long  dip  slopes  away  from 
it.  This  topography  is  so  expressive  that  one  would  be  'justified 
in  classifying  this  as  a  salt-dome  structure  on  the  basis  of  topo- 
graphic evidence  alone. 

The  moimd  forms  in  plane  section  an  almost  perfect  circle 
7,500  feet  in  diameter.  The  highest  point  is  near  its  southern  edge 
just  opposite  the  divide  between  the  two  streams  forming  the  ring- 
shaped  encircling  valley.  The  height  of  the  mound  here  is  sixty 
feet  above  that  of  the  divide  and  one  hundred  feet  above  that  of 
the  junction  of  the  two  streams,  the  lowest  point  in  the  ring-shaped 
valley. 

The  mound  is  rather  flat  on  top  and  dips  steeply  off  to  the 
valley  on  all  sides,  indicating  that  the  erosion  of  the  dome  itself 
is  not  keeping  pace  with  the  cutting  down  of  the  valley.  The 
erosion  of  this  dome  is  developing  regularly  by  means  of  channels 
and  run-off  normal  to  the  major  drainage,  that  of  the  ring-shaped 
valley.  The  longest  draws  or  arroyos  are  those  normal  to  the  major 
drainage  at  its  lowest  point,  and  there  seems  to  be  no  development 

«A.  C.  Veatch,  "The  Salines  of  North  Louisiana/'  Gecl,  Survey  Louisiana, 
Report  of  igo2,  pp.  41-100. 
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of  laterals  paralleling  the  ring-shaped  drainage.  This  may  be 
the  result  of  the  steep  gradient  of  the  draws  and  the  softness 
of  the  Wilcox  formation  which  covers  the  top  of  the  mound,  but 
it  may  also  indicate  that  the  beds  on  the  top  of  the  dome  are  not 
dipping  so  steeply  as  aroimd  its  perimeter  and  consequently  there 
is  no  tendency  for  strike  drainage  to  develop. 

The  most  striking  feature  of  the  topography  is  the  compara- 
tively broad  ring-shaped  valley  which  encircles  the  mound.  This 
ring-shaped  valley  widens  to  a  broad  crescent-shaped  area  in  its 
northeastern  quadrant  where  the  streams  forming  it  come  together 
and,  passing  through  a  gap  just  east  of  West  Point  Mountain, 
meander  across  the  broad  flood  plain  of  the  Trinity  River  to  join 
it  a  short  distance  away. 

The  circular  shape  of  this  valley  is  due  to  the  fact  that  streams 
forming  have  developed  along  the  circular  strike  of  the  rocks  around 
the  salt  dome  or  have  been  adjusted  to  it. 

The  principal  stream  is  the  one  which  comes  into  the  dome  at 
a  point  S.SE.  of  Llewellyn  Gin,  flows  around  its  west  and  north 
sides  through  Blue  Lake  and,  after  being  joined  by  the  smaller 
eastern  stream,  flows  off  to  Trinity  River  through  the  gap  near 
West  Point  Moimtain. 

The  fact  that  the  direction  of  this  stream  where  it  comes  into 
the  dome  is  toward  the  West  Point  Mountain  gap,  by  which  it 
ultimately  leaves  it,  suggests  that  it  may  previously  have  flowed 
directly  across  the  dome  and  that  it  was  adjusted  to  its  present 
position  by  the  formation  of  the  dome. 

The  present  drainage  courses  also  suggest  that  this  stream  may 
have  once  flowed  around  the  east  side  of  the  dome  instead  of  the 
west  side,  as  at  present.  The  divide  between  the  two  streams  is  so 
low  as  to  be  almost  imperceptible  at  the  present  time,  and  the 
direction  of  the  draw  just  west  of  the  road  south  from  the  Gin 
suggests  that  it  was  originally  a  tributary  to  the  eastern  drainage. 
If  this  suggested  stream  piracy  actually  occurred,  it  was  probably 
effected  by  a  tributary  to  the  stream  coming  into  the  dome  from 
south  of  the  Lone  Star  schoolhouse  and  caused  by  more  rapid 
erosion  of  the  western  channel  resulting  from  the  greater  number 
of  tributaries  coming  into  it. 
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There  is  a  gap,  through  which  it  is  possible  that  the  drainage 
once  left  this  dome,  about  one-fourth  of  a  mile  south  of  the  West 
Point  Moimtain  gap. 

The  broadening  of  this  valley  into  the  crescent-shaped  area 
already  mentioned  and  the  formation  of  Blue  Lake  and  the  imper- 
fect drainage  systems  leading  from  it  are  evidently  due  to  the 
drainage  channels  working  down  the  dip  toward  the  point  of  outlet 
and  the  fact  that  they  have  apparently  reached  the  base-level  of 
the  Trinity  River. 

This  ring-shaped  valley,  both  in  its  narrow  and  broader  courses, 
is  a  barren,  open,  prairie-like  area  covered  with  a  sort  of  coarse 
marsh  grass  and  is  quite  conspicuous  because  of  its  peculiar  form 
and  because  of  the  vistas  which  it  affords  in  this  more  or  less 
wooded  region. 

Throughout  the  entire  course  of  the  valley,  though  occurring 
for  the  most  part  on  its  outer  edge,  are  numerous  springs  and  boggy 
places  formed  by  the  seeping  of  water.  These  springs  are  mostly 
of  fresh  water  except  for  the  salts  leached  from  the  formations 
from  which  they  rise  and  which  often  forms  incrustations  of  salt 
around  the  springs. 

These  springs  are  evidently  formed  by  artesian  water  collected 
by  the  normally  southeastward-dipping  sands  of  the  Wilcox  forma- 
tion over  the  large  areas  where  it  outcrops  to  the  westward  and 
coming  to  the  surface  here  where  the  Wilcox  is  turned  sharply 
upward  around  the  edge  of  the  salt  core  of  the  dome.  The  rarer 
brine  and  sulphurous  water  springs,  some  of  which  are  found  just 
south  of  West  Point  Mountain,  doubtless  rise  from  greater  depths 
through  faulting  aroimd  the  perimeter  of  the  salt  core. 

Some  of  the  brine  springs  near  West  Point  have  been  worked 
intermittently  for  salt  since  before  the  Civil  War. 

These  artesian  springs  bring  up  fine-grained  sand  and  clay  and 
thus  form  mounds,  some  examples  of  which  are  several  feet  across. 
Woodruff*  cites  the  mounds  formed  along  this  ring-shaped  valley, 
particularly  on  its  north  side,  as  excellent  examples  of  the  small 
mounds  which  are  so  typical  of  coastal-plain  topography. 

The  outer  circle  of  hills  is  generally  higher  than  the  inner  mound 
and  the  hilly  area  extends  off  to  the  south  and  west  in  the  dissected 

'  E.  G.  WoodruflF,  op.  cii. 
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uplands  formed  by  the  rather  extensive  outlier  of  Mount  Selman 
beds.  To  the  northeast  they  extend  but  a  short  distance  before 
the  flood  plain  of  the  Trinity  River  is  reached. 

Though  no  investigation  was  made  to  determine  whether  or 
not  there  are  more  circular  strike-drainage  channels  concentric  to 
the  valley  mentioned  in  this  hilly  region,  the  writer  stroagly 
suspects  that  such  drainge  exists. 

SURFACE  GEOLOGY 

The  oldest  rocks  outcropping  in  the  West  Point  dome  are 
apparently  the  greenish-yello,w  clays  and  shales  outcropping  in 
the  segment  of  the  inner  edge  of  the  central  moimd  lying  between  the 
road  leading  south  from  Llewellyn  Gin  and  that  leading  from  the 
Gin  to  the  Lone  Star  schoolhouse.  On  a  lithologic  basis  and  guided 
by  the  apparent  relation  of  these  shales  to  the  Wilcox  formation, 
one  would  refer  them  to  the  Midway  (Eocene)  or  Navarro-Taylor 
(Cretaceous)  formations. 

Sidney  Powers  has  collected  fossils  from  these  shales  or  a 
horizon  immediately  above  them  at  points  respectively  i,ooo  feet 
NW.W.  and  1,500  feet  S.W.  of  Llewell)^!  Gin,  and  their  age  as 
published  elsewhere'  has  been  determined  by  Dr.  C.  Wythe  Cook 
and  Dr.  L.  W.  Stephenson,  of  the  United  States  Geological  Survey, 
as  Low;er  Eocene,  either  Midway  or  Wilcox  and  Upper  Cretaceous. 

On  these  bases  the  shales  are  assigned  tentatively  to  the 
Midway  Eocene  and  Navarro  Upper  Cretaceous.  Dumble's*  state- 
ment that  this  dome  gives  the  same  section  as  the  Palestine  salt 
dome,  in  which  the  outcrops  of  all  of  the  formations  of  the  Gulf 
series  of  the  Cretaceous  have  been  recognized,  is  clearly  in  error. 
The  writer  has  seen  no  evidence  of  the  outcrop,  other  than  that 
just  stated,  of  any  Cretaceous  rocks  in  this  dome. 

The  center  of  the  dome  is  covered  with  the  very  heavy  sandy 
soil  so  characteristic  of  the  Wilcox  formation.  Though  not 
exhaustively  searched,  no  outcrop  of  the  coimtry  rock  was  seen 

'  The  writer  b  very  much  indebted  to  the  kindness  of  Dr.  Powers  for  pennission 
to  use,  in  the  present  paper,  these  fossil  determinations  which  he  is  discussing  in 
greater  detail  elsewhere. 

■  E.  T.  Dumble,  op.  cH. 
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except  an  imperfect  outcrop  of  a  heavy  yellow  sandstone  in  the 
road  some  1,500  feet  due  north  of  the  Gin.  This  sandstone 
apparently  pertains  to  the  Wilcox^  and  it  is  believed  that  the  central 
I>art  of  the  dome  is  imderlain  by  the  Wilcox  formation  except  in 
the  area  mentioned  as  probable  Midway  and  Cretaceous  outcrop. 
Chapman  notes  that  an  inlier  of  the  Mount  Selman  beds  is  to  be 
found  in  the  central  part  of  the  dome,  but  this  was  not  seen  by 
the  writer  and,  if  present,  is  believed  not  to  be  in  place. 

All  of  the  outcrops  along  the  circular  drainage  valley  which 
outlines  the  dome  are  of  soft  white,  gray,  and  yellow  sandstones  and 
white,  purple,  and  yellow  shales  of  the  Wilcox  formation.  Most 
of  the  dip  and  strike  observations  recorded  were  taken  on  bands 
'Of  ironstone  concretions  in  sandstones  of  this  formation.  The 
Wilcox  formation  also  forms  all  of  the  lower  hills  and  the  base  of 
the  higher  hills  which  form  the  outer  edge  of  the  circular  drainage 
valley. 

The  upper  part  of  the  higher  hills  aroimd  the  outer  edge  of  the 
circular  valley  are  composed  of  the  characteristic  ferruginous  sand- 
stones and  conglomerates,  in  places  iron  ore,  of  the  lower  part  of 
the  Mount  Selman  beds,  Claiborne,  Eocene.  The  coimtry  rock  for 
some  miles  to  the  west  of  this  salt  dome  is  of  this  same  formation, 
though  it  apparently  only  caps  the  hills  on  the  northeast.  Hopkins' 
describes  a  section  ofthe  Wilcox  in  a  bluff  on  the  bank  of  the  Trinity 
River  at  the  mouth  of  Town  Creek,  some  three  miles  northeast 
of  the  dome. 

The  dome  lies  at  the  easternmost  point  of  a  triangular-shaped 
outlier  ,of  Moimt  Selman  beds.  Another  large  irregular  outlier  of 
the  same  formation  occurs  in  northeastern  Freestone  Coimty. 
These  outliers  are  cut  off  from  the  main  body  of  Cook  Moimtain — 
Moimt  Selman  formation,  which  lies  to  the  eastward  in  Anderson 
County,  by  the  broad  valley  of  the  Trinity  River. 

UNDERGROUND   GEOLOGY 

Some  five  wells,  all  comparatively  shallow,  have  been  drilled 
on  or  aroimd  the  dome,  but  available  information  concerning  them 
is  scant  and  inexact;  consequently  we  can  do  little  but  specidate 

'  Oliver  B.  Hopkins,  op.  cU. 
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regarding  underground  conditions.  Lee  Hager's  report  of  July  7, 
1908,  on  the  Blue  Lake  oil  field,  states  that  some  three  weUs  had 
been  drilled  in  the  vicinity  of  Blue  Lake  up  to  that  time. 

The  Oakwoods  Oil  Company  is  said  to  have  drilled  a  well  to  a 
depth  of  800  feet  on  the  J.  Strickland  tract.  A  show  of  oil  was 
reported.  Two  wells  were  drilled  by  the  Gum  Springs  Oil  Com- 
pany, the  first  reaching  a  depth  of  some  1,220  feet  and  the  second 
a  depth  of  some  600  feet.  All  of  these  wells  were  drilled  before 
1908  and  all  of  them  were  drilled  in  the  vicinity  of  Blue  Lake  and 
West  Point  Mountain.    None  of  them  report  salt. 

At  a  later  date  at  least  two  wells  were  drilled  on  the  southwest 
side  of  the  dome,  one  just  north  of  Llewellyn  Gin  and  the  other  just 
west  of  it.  No  detailed  information  regarding  these  wells  was 
obtained.  According  to  local  report,  the  well  north  of  the  Gin, 
where  casing  still  protrudes  from  the  ground,  was  drilled  to  a  depth 
of  700  feet  and  was  drilling  in  rock  salt  when  abandoned.  The 
salt  is  said  to  have  been  struck  at  a  depth  of  300  feet. 

The  only  log  of  any  of  these  wells  which  is  available  to  the 
writer  is  that  of  No.  i  well  of  the  Gum  Springs  Oil  Company,  the 
deepest  of  the  reported  wells.  According  to  Hager,  this  well  was 
drilled  on  the  east  side  of  the  ^'saline,"  a  name  which  he  gives  to 
the  wide  valley  just  south  of  West  Point  Mountain.  This  well 
was  evidently  down  on  the  flank  of  the  dome:  The- log  is  quoted 
after  Hager's  report  as  follows: 

Thickness  Depth 

Formation  in  Feet  in  Feet 

Soil 10  10 

White  running  into  dark  sand L5  25 

Soft  slate  and  lignite 20  45 

Alternating  hard  and  soft  shaly  slate 46  91 

Soft  very  black  lignite 45  136 

Brown  sandy  shale 27  165 

Blue  artesian  water  sand 71  234 

Blue  sandy  rock 2  236 

Brown  shale 24  260 

Alternating  stratas  soft  coal,  brown  shale,  and  crystals  of 

sulphur  or  paraffins 11  271 

Black  shale,  blue  sand  with  continuous  particles  of  yellow 

honeycomb  rock  and  strong  gas  and  oil  showings      .     •  39  310 

Black  shale 25  335 

Black  and  brown  shale,  some  sand,  and  pyrites .     ...  43  378 
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Thickness  Depth 

Formation  in  Feet  in  Feet 

Soft  coal,  brown  shale,  and  pyrites 34  412 

Brown  shale  and  bowlders 29  441 

Brown  shale 25  466 

Brown  shale,  gravel,  and  pyrites 18  484 

Soft  rock 2  486 

Brown  shale,  considerable  blue  sand,  and  pyrites    ...  31  517 

(Missing)       

Brown  shale 3  555 

Bhie  concreted  sand  bearing  gas  and  strong  sulphur  water  5  560 
Alternating  dark  brown  shale,  deep  blue  concreted  sand,  and 
considerable  pyrites,  here  passed  through  4  inches  very 
hard  pale  rock,  color  of  limestone,  but  upon  test  shows  not 

to  be  limestone                     16  576 

Blue  concreted  sand 10  586 

Dark  brown  gumbo  with  some  black  shale  and  pyrites  .     .  19  605 

Dark  blue  gumbo 10  615 

Bhie  sand,  shale 2  617 

Bhie  sand  gumbo 13  630 

Black,  very  hard  shale 25  655 

Very  hard  blue  laminated  rock 2J"            

Blue  sahd  and  black  shale 3  658 

Very  hard  rock         3  661 

Alternating  stratas  of  black  gumbo  shale  with  concreted 
blue  sand  and  numerous  iron  p3nrite  bowlders  but  no 

rock  stratum 559  1,220 

Artesian  water  flowing  out  of  the  well  was  encountered  at  163 
feet,  and  oil  and  gas  were  encountered  from  271  to  319  feet.  The 
gas  is  said  to  have  had  a  sweet  and  pungent  odor  and  to  have 
burned  with  a  blue  flame. 

Apparently  at  least  the  first  400  feet  of  this  log  represents  the 
Wilcox  formation.  Below  400  feet  the  formations  are  possibly 
Wilcox  and  Midway  for  200  to  250  feet,  and  the  remainder  of  the 
log  represents  the  Navarro  formations. 

Aside  from  the  very  scant  information  obtained  from  the  wells, 
we  can  only  argue  by  comparison  and  inference  regarding  under- 
ground conditions. 

At  the  nearby  Palestine  dome  the  Midway  is  believed  to  be 
absent,  but  all  of  the  various  formations  of  the  Gulf  series  of  the 
Cretaceous  outcrop  in  the  center  of  the  dome.  No  continuous 
section  is  exposed  and  consequently  the  thickness  of  the  various 
formations  cannot  be  determined. 
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At  the  Keechi  dome  the  oldest  outcropping  fonnation  is  the 
Austin  chalk,  and' the  Midway  is  said  to  be  absent  by  unconformity. 
The  Texas  Company  has  drilled  five  wells  on  the  southeast  flank 
of  the  dome  to  depths  of  3,170,  2,297,  2,656,  2,454,  and  3,048  feet 
respectively.  These  wells  start  in  the  Wilcox,  some  of  them 
penetrate  the  Woodbine,  and  possibly  the  first  well  passed  through 
the  Woodbine.  It  is  almost  impossible  to  estimate  the  thickness 
of  the  varous  formations  from  the  log  of  these  wells. 

Near  Freestone,  about  22  miles  S.SE.  of  the  West  Point  dome, 

a  well  was  drilled  by  the  Freestone  Syndicate,  Inc.,  to  a  depth  of 

2,370  feet.    This  well  started  in  the  lower  Wilcox  or  Midway  and 

was  evidently  in  the  Eagle  Ford  when  abandoned.    The  log  of 

this  well,  according  to  Lewis  C.  Chapman;  who  had  the  drilling 

under  observation  and  supervised  the  collection  of  samples,  was  as 

follows: 

WeU  No.  I,  R.  A.  Tacker 

Thickness  Depth 

Wilcox  formation 624  624 

Midway  fonnation 177  Soi  • 

Navarro  and  Taylor  formations  .     .     .  820  1,621 

Austin  chalk 529  2,150 

Eagleford  shales 220  2,^70 

This  determination  is  based  altogether  on  lithologic  character- 
istics and  is  probably  exact  only  for  the  Austin  chalk.  The 
Nacatoch  sand  member  of  the  Navarro  formation  is  believed  to 
have  been  passed  through  from  1,196  to  1,215  feet. 

The  most  exact  information  regarding  the  thickness  of  the 
various  formations  in  this  general  region  is  the  section  given  by 
Matson'  and  based  chiefly  on  the  log  of  a  Magn*olia  Refining  Com- 
pany well  at  Corsicana,  some  50  miles  northwest  of  the  West  Point 
dome.  The  various  formation  thicknesses  given  by  him  are  as 
follows: 

Navarro  fonnation i|6so  feet 

Navarro  and  Taylor  formations  ....       135  feet    ►  2,135  ^^^ 

Taylor  formation 350  feet  J 

Austin  chalk 425  feet 

Eagleford  clay 370  feet 

Woodbine  sand  400  feet  plus 

'G.  C.  Matson,  ''Gas  Prospects  South  and  Southeast  of  Dallas/'  U^.  Ged. 
Survey f  Bull,  62g  (1916),  pp.  77-119. 
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Below  the  Gulf  series  of  the  Upper  Cretaceous  come  the  Washita, 
Fredericksburg,  and  Trinity  groups  of  the  Comanchean,  but  it 
'Would  probably  require  a  well  more  than  3,500  feet  deep  to  reach 
the  uppermost  of  these  formations  on  the  West  Point  dome. 

There  is  no  information  regarding  the  dome  material,  the  salt, 
gypsums,  or  limestones  of  secondary  origin,  other  than  the  report 
that  rock  salt  was  found  at  a  depth  of  300  feet  and  penetrated  to  a 
depth  of  some  700  feet  in  the  well  drilled  at  LleweU3m  Gin.  It  is 
not  known  whether  or  not  there  is  a  cap  rock  present  over  the  salt. 

Structurally  this  dome  is  very  synunetrical,  as  is  indicated  by 
the  dip  of  the  outcropping  formations.  From  one's  general  knowl- 
edge of  salt-dome  structure  he  would  suspect  that  the  upper  part 
of  the  salt  mass,  the  intrusion  of  which  gives  rise  to  this  structure, 
has  the  form  of  a  very  regular  truncated  cone.  The  very  steep 
dips  and  outcrop  of  the  older  shale  (Midway?)  formation  south- 
west of  Llewellyn  Gin  indicate  that  the  southwestern  edge  of  the 
dome  is  the  point  of  greatest  upthrust  and  consequently  the  point 
where  the  salt  lies  at  the  shallowest  depth  from  the  surface.  The 
upthrust  in  this  dome  has  been  800  to  1,000  feet. 

The  rocks  over  the  top  of  the  salt  mass  are  probably  level- 
lying  or  nearly  so.  Aroimd  the  perimeter  the  dips  are  very  high, 
25®-8o°,  and  away  from  the  center  of.  the  dome.  They  decrease 
rapidly  as  one  goes  away  from  the  dome. 

Only  the  central  part  of  the  area  affected  by  the  uplift  of  this 
dome  is  shown  on  the  attached  map.  The  entire  uplift  doubtless 
has  a  diameter  of  3  to  4  miles  and  an  area  of  7  to  12  square  miles. 

AGE   OF  DOME  FORMATION 

The  Mount  Selman  beds  of  lowest  Claiborne  (Eocene)  age,'  and 
the  yoimgest  rocks  outcropping  in  this  immediate  region,  dip  away 
from  the  West  Point  dome  in  all  directions.  Since  these  beds  were 
involved  in  the  folding  which  resulted  from  the  formation  of  this 
dome,  it  is  evident  that  the  intrusion  of  the  salt  mass  was  not 
completed  before  early  Claiborne  time  and  the  entire  process  may 
have  occurred  at  some  period  since  then  and  down  to  quite  recent 
time.  In  fact,  the  formation  of  this  and  similar  domes  may  be  a 
very  slow  and  continuous  process  now  going  on. 
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The  West  Point  dome  is  a  geologic  phenomenon  so  similar  to 
the  other  interior  domes,  particulariy  the  nearby  Palestine  and 
Keechi  domes,  that  it  is  imdoubtedly  of  similar  origin  and  probably 
contemporaneous  in  formation  with  them.  Deussen'  argues  that 
these  domes  "were  clearly  formed  in  late  Cretaceous  or  early 
Tertiary  time,  as  is  evidenced  very  clearly  in  the  case  of  the  Keechi 
dome  of  Anderson  Coimty,  where  the  Wilcox  beds  of  the  Eocene 
rest  imconformably  on  the  Navarro  beds  of  upper  Cretaceous,  the 
Midway  being  absent."  He  further  states  that  the  high  angle  of 
dip  of  the  Wilcox  around  these  domes,  in  conjunction  with  the 
imconformity,  is  plain  evidence  that  the  growth  of  the  salt  core  is 
the  result  of  different  movements  at  different  times. 

Hopkins*  accepts,  for  the  Palestine  and  Keechi  domes,  Deus- 
sen's  theory  of  the  initial  uplift  of  the  dome  during  pre-Midway 
time  and  the  existence  of  the  domes  as  islands  in  the  Midway 
sea.  This  theory  is  of  course  proposed  to  explain  the  apparent 
absence  of  the  Midway  formations  at  both  the  Palestine  and 
Keechi  domes. 

This  theory  is  not  tenable  for  the  West  Point  dome,  if,  as  has 
been  suggested,  part  of  the  greenish-yellow  shales  which  outcrop 
west  of  the  Llewellyn  Gin  are  of  Midway  age.  Neither  is  the 
theory  the  only  a^^ailable  one,  nor,  in  the  writer's  opinion,  the 
most  satisfactory  one,  to  account  for  the  apparent  absence  of 
Midway  outcrops  at  the  other  domes. 

The  coimtry  rock  is  very  poorly  exposed  at  the  Keechi  dome 
and  not  much  better  exposed  in  the  Palestine  dome.  It  is  entirely 
possible  that  a  formation  composed  chiefly  of  shale  and  only  a  few 
hundred  feet  thick,  as  is  the  Midway,  and  occurring  in  a  structure 
where  the  rocks  are  dipping  very  steeply,  may  not  be  well  exposed 
or  may  have  been  overlooked. 

If  the  Midway  is  absent  in  the  Keechi  and  Palestine  domes, 
however,  the  writer  would  suggest  that  it  may  have  been  faulted 
out  of  the  outcropping  section  by  having  an  older  formation,  say 
the  Navarro,  punched  through  it  from  below,  and  into  contact  with 
a  still  younger  formation,  say  the  Wilcox,  by  the  upthrust  of  the 
salt  core. 

*  Alexander  Deussen,  op.  cit.  » Oliver  B.  Hopkins,  op.  cit. 
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This  very  peculiar  type  of  structure  is  common  in  the  Rou- 
manian salt  domes,  where  it  has  been  studied  by  Mrazec,*  who 
has  designated  the  salt-dome  structure  with  intruded  and  faulted 
core — his  noyau  de  percement  or  core  piercement  structure — as 
"diaper"  structure.  Deussen*  describes  this  very  type  of  "pierce- 
ment" structure  in  the  Humble  field  where  he  regards  the  "Black 
Shale"  Yegua  as  having  been  punched  upward  through  the  over- 
lying Catahoula-Fayette  sandstone  series. 

It  is  the  writer's  opinion  that  these  domes  were  formed  during 
very  late  time.  The  youngest  formations  outcropping  near  the 
domes  have  been  involved  in  the  deformation  resulting  from 
the  intrusion  or  formation  of  the  salt  plug  in  every  instance.  The 
extreme  youth  of  most  known  salt  domes  is,  to  the  writer,  a  most 
significant  fact.  Sediments  of  Quaternary,  perhaps  of  recent  age, 
have  been  involved  in  the  formation  of  the  salt  domes  of  coastal 
Texas  and  Louisiana.  Pleistocene  sediments  were  markedly  folded 
by  the  formation  of  the  Mexican  salt  domes.  The  mother-forma- 
tion from  which  the  salt  of  the  Roumanian  and  Transylvanian 
domes  is  supposed  to  have  been  derived  is  of  Miocene  age  and  many 
of  the  German  salt  domes  pierce  Tertiary  strata. 

All  of  this  points  to  the  extreme  youth  of  salt  domes.  It  is 
doubtful  whether  a  salt  dome  whose  formation  can  be  established 
beyond  doubt  as  having  occurred  in  pre-Tertiary  time  can  be 
cited.  This  suggests  that  salt  domes  are,  as  the  geologic  time- 
scale  goes,  only  transient  affairs,  and  consequently  theories  of  origin 
implying  long  life  or  great  age  for  a  dome  should  be  looked  upon 
with  suspicion. 

OIL  AND   GAS  POSSIBILITIES 

The  West  Point  salt  dome  is  believed  to  be  a  structure  of  type 
suitable  for  the  accumulation  of  oil  and  gas  deposits  in  commercial 
quantities.  The  upthrust  here  is  not  so  great  as  at  the  Palestine 
and  Keechi  domes  and  it  seems  probable  that  the  sedimentary 
formations  are  less  faulted  and  broken  than  at  those  domes.  This 
condition  favors  the  West  Point  dome. 

*  L.  Mrazec,  "Les  Plis  a  noyaux  de  percement,"  Bull.  Soc.  Sci.  Bncaresl^  1906: 
Motiit.  due  Petrole  Raumain,  X  (1908),  915-16. 
'  Alexander  Deussen,  op.  cit. 
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The  series  of  rocks  forming  this  structure  include  known 
petroliferous  or  gas-bearing  formations  as  follows:  the  Navarro 
formation,  Nacatoch  sand,  is  gas-bearing  in  the  Mexia-Groesbeck 
and  Corsicana  fields  and  oil-bearing  in  the  northwestern  Louisiana; 
the  Taylor  marl  includes  the  oil-bearing  formation  at  Corsicana; 
the  Austin  chalk  is  oil-bearing  in  the  small  fields  near  San 
Antonio;  the  Eagleford  contains  the  gas-bearing  Blossom  sand 
member  of  northwestern  Louisiana;  and  the  Woodbine  sands 
include  oil-bearing  formations  in  northwestern  Louisiana. 

A  test  well  3,500  feet  deep  on  the  upper  part  of  the  flank  of  the 
West  Point  dome  should  pass  through  this  entire  section  of  rocks. 

The  direct  indications  of  the  existence  of  oil  or  gas  deposits  in 
this  dome  consist  of  the  gas  and  oil  shows  reported  in  various  wells 
drilled  around  this  dome,  as  already  stated,  and  gas  seeps  and 
sulphurous  water  springs  near  West  Point  Moimtain  which  have 
been  reported  by  Chapman  and  Hager.  No  search  for  direct 
indications  was  made  by  the  writer,  and  he  is  therefore  unable  to 
confirm  their  existence. 

None  of  the  salt  domes  of  Texas  or  Louisiana  have  yielded  gas 
deposits  of  marked  commercial  importance,  though  many  of  them 
have  been  the  source  of  exceedingly  rich  oil  deposits.  None  of  the 
interior  domes  have  yet  yielded  commercial  oil  production.  Some 
heavy  oil  (8°  Be.)  was  foimd  in  the  Woodbine  sands  on  the  flank 
of  the  Keechi  dome  in  the  Texas  Company's  well  No.  i  Barret  and 
Greenwood. 

Petroleum  in  commercial  quantities  in  salt-dome  structures  of 
the  Gulf  coastal  plain  has  as  yet  been  foimd  to  occur  only  under 
one  of  the  four  following  conditions:  first,  in  the  cavernous  lime- 
stone and  gypsum  cap  immediately  overlying  the  top  of  the  salt 
mass,  the  so-called  "cap  rock";  secondly,  in  sands  pierced  by  the 
salt,  abutting  against  and  sealed  by  the  salt,  and  dipping  away 
from  it,  the  so-called  "lateral  sands"  or  "deep  sands";  thirdly,  in 
sands  or  sandstones  for  the  most  part  lenticular  and  occiuring  above 
the  cap  rock  or  the  salt  dome  itself,  the  so-called  "shallow  sands" 
in  the  Humble,  Batson,  Spindletop,  and  other  fields  or  the  deep 
sands  in  the  so-called  "deeply  buried  domes"  such  as  Goose  Creek 
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and  Edgerly;  and  fourthly,  in  sand  lenses  and  shales  on  the  sides 
of  the  dome. 

By  far  the  most  important  of  these  are  the  first  and  second  types 
of  occurrence.  The  fourth  type  of  occurrence  might  well  be 
included  in  the  same  class  with  the  second  type  except  at  Humble, 
where  they  are  quite  distinct.  The  third  type  of  occurrence  is 
much  more  important  than  generally  recognized  and  is  generally 
confused  with  the  "cap  rock"  or  the  first,  type  of  occurrence. 
Spindletop  is  a  fair  example  of  a  field  where  all  of  the  production, 
until  .quite  recently,  nas  been  supposed  to  come  from  the  cap  rock 
but  where,  in  fact,  much  of  it  has  come  from  shallow  sands  above 
the  cap  rock. 

In  view  of  the  results  obtained  in  the  well  north  of  Llewellyn 
Gin,  which  was  drilled  to  the  salt  without  any  oil  or  gas  production, 
and  particxdarly  because  of  the  shallow  depth  at  which  the  salt 
was  encountered,  prospects  for  cap-rock  or  shallow-sand  production 
on  the  West  Point  dome  would  seem  to  be  very  poor.  This  single 
well  is  not  a  sufficient  test  of  these  possibilities,  but  the  shallow 
depth  of  the  salt  is  an  unfavorable  condition. 

The  possibility  of  finding  oil  and  gas  in  the  Cretaceous  rocks  on 
the  flank  of  the  dome  has  hardly  been  touched  and  would  seem  to 
justify  the  drilling  of  several  deep  wells.  The  most  attractive  area 
is  a  circular  strip  extending  aroimd  this  dome  and  from  the  base 
of  the  central  topographic  moimd  to  about  a  half  mile  from  it. 

In  view  of  the  failure  of  the  wells  of  the  Texas  Company  on  the 
flank  of  the  Keechi  dome,  oil  prospectors  do  not  regard  the  interior 
domes  with  much  favor  at  the  present  time,  but  these  Keechi  tests 
prove  nothing  but  the  barrenness  of  the  limited  area  on  which  they 
were  drilled.  Many  salt  domes  of  the  coastal  group  had  been 
prospected  intermittently  for  years  before  production  was  found. 
This  is  true  of  West  Coliunbia  and  Goose  Creek,  the  two  most 
important  fields  of  the  Gulf  coastal  plain  today. 

The  West  Point  dome  shows  every  surface  evidence  of  being  a 
possible  container  of  oil  and  gas  deposits  and  should  be  prospected. 
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JOSEPH  BARRELL  AND  HIS  WORK 

Joseph  Barrel!,  a  younger  contemporary  of  Dutton,  Gilbert, 
Powell,  and  Van  Hise,  to  name  only  the  most  eminent  of  those 
upon  whose  work  he  built  and  whom  he  survived,  is  outlived  by 
a  number  of  older  geologists  who  recognized  in  him  a  rising  leader 
in  research,  and  who  feel  his  loss  deeply,  as  that  of  a  strong,  judicious, 
yet  enthusiastic  and  sympathetic  fellow-worker. 

Bom  in  1869,  Barrell  entered  upon  his  career  at  a  time  when 
the  leading  minds  in  geology  were  opening  up  bonanzas  of  fact  and 
theory.  Already  notable  progress  had  been  made  in  development 
work.  The  early  prospecting  of  the  Great  West  which  fol- 
lowed the  Civil  War  had  been  succeeded  by  the  organization 
of  the  United  States  Geological  Survey  and  the  consequent  co- 
ordination of  studies  carried  on  by  able  men  imder  the  stimulus  of 
companionship  in  a  great  opportunity.  That  companionship, 
previously  divided  among  small  and  often  antagonistic  groups, 
became  general  and  cordial  in  consequence  of  the  founding  of  the 
Geological  Society  of  America  in  1889.  Discussion,  concession, 
and  co-ordination  replaced  controversy  ahd  opened  the  way  for 
permanent  constructive  effort.  Barrell  fitted  pre-eminently  into 
this  environment,  which  emphasized  truth  and  subordinated  self. 

His  scientific  life  thus  coincided  with  the  golden  era  of  geology 
in  America.  The  brilliancy  of  its  earlier  years  inspired  his  studies, 
and  during  the  last  two  decades  he  himself  has  contributed  notably 
to  its  advance.  Estimating  the  relative  contributions  of  en- 
lightened nations  to  geology,  he  wrote  as  recently  as  March,  1919: 
**For  the  past  generation  America,  under  which  name  should  be 
included  both  the  United  States  and  Canada,  has  held  a  position 
of  world-leadership  in  that  science. ''  The  place  which  he  himself 
filled  in  that  leadership  his  contemporaries  cannot  justly  estimate. 
But  there  is  unanimous  recognition  of  the  fact  that  he  was  one  of 
the  strongest  of  the  younger  leaders  and  a  man  of  great  promise. 
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Lehigh  University  trained  Barrell.  He  received  three  degrees, 
fiachelor  (1892),  Engineer  (1893),  and  Master  (1897),  from  that 
institution,  took  the  degree  of  Doctor  of  Philosophy  at  Yale  in 
1900,  and  was  honored  by  that  of  Doctor  of  Science  in  1916  by  his 
Alma  Mater.  Prior  to  his  studies  at  Yale  he  had  both  taught 
and  practiced  mining  engineering,  and  he  continued  to  be  an 
engineer  when  he  became  a  geologist.  His  reasoning  is  stamped 
with  the  precise  habits  of  thought  which  distinguish  the  practical 
from  the  theoretical.  It  is  told  that  he  would  often  draw  a  diagram 
before  he  wrote  a  statement. 

Barrell  pursued  geology  with  ardent  scientific  interest  from 
1898  on,  and  thus  gave  a  score  of  years  of  the  prime  of  his  life  to  it. 
As  assistant  in  field  work  of  the  United  States  Geological  Survey 
(1899-1901)  and  as  a  teacher  of  the  natural  sciences,  especially  of 
zoology  and  geology  at  Lehigh  (1900-1908),  he  prepared  himself 
for  advanced  research  in  its  greater  problems,  and  while  occupying 
the  chair  of  structural  geology  at  Yale  (1908-19)  he  foimd  the  larger 
opportimity  to  develop  his  especial  abilities  as  an  Engineerof  Science. 

The  phrase  engineer  of  science  is  used  with  all  regard  and  re- 
spect to  distinguish  Barrell's  activities  from  those  of  his  great 
associates,  who  are  better  known  in  the  field  of  theoretical  investiga- 
tion. It  is  a  prime  fimction  of  the  engineer  to  test  assembled 
materials,  in  this  case  facts,  before  proceeding  to  build  with  them 
firm  structures,  in  this  case  logical  conclusions.  His  work  is 
kept  by  professional  standards  within  limits  which  are  fixed  by 
quantitative  values.  Excursions  into  the  realm  of  theory  beyond' 
those  limits  Barrell  allowed  himself  only  in  his  latest  thought.  In 
so  doing  he  gave  evidence  of  a  tendency  to  develop  from  the 
engineer  into  the  natural  philosopher,  whose  thought  transcends 
analysis  as  imagination  transcends  mathematics.  The  great  loss 
to  science  in  Barrell's  death  is  that  this  evolution#of  mind  from  so 
fertile  a  source  was  cut  short  when  there  was  yet  promise  of  a  score 
of  years  of  productive  growth. 

The  engineer  in  ge^ogy  is  strikingly  illustrated  in  Barrell's 
first  important  contribution  to  the  science,  an  article  on  the  relative 
importance  of  continental,  littoral,  and  marine  sediments.  He  set 
forth  his  method  of  studying  sedimentary  structures  and  their 
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origin  as  comprising,  first,  discussion  of  the  conditions  of  fonnation 
of  sediments;  second,  comparison  of  the  areal  and  volumetric 
importance  of  the  several  kinds  of  deposits  now  forming;  third, 
consideration  of  the  probable  changes  in  relative  importance  which 
may  have  occurred  in  the  past;  and  fourth,  presentation  of  de- 
tailed distinctions  by  which  the  several  deposits  may  be  recog- 
nized, with  a  view  to  separating  and  interpreting  them  in  terms 
of  geography  and  climate. 

It  may  be  said  that  this  is  the  sound  scientific  method  of  pro- 
ceeding from  facts  to  interpretation.  It  is  also  sound  engineering. 
It  builds  permanent  structures.  By  means  of  it,  in  the  paper 
referred  to  and  by  others  in  which  he  applied  the  distinguishing 
criteria  of  sedimentation  to  specific  examples,  Barrell  made  an 
important  and  essentially  original  contribution  to  geology  in  that 
he  forced  the  recognition  of  continental,  fluviatile,  and  eolian 
sediments  among  stratified  rocks  which  had  been  previously 
regarded  as  of  marine  origin  exclusively.  He  thus  revolutionized 
the  criteria  of  paleogeography  and  paleoclimatology. 

Paleoclimatology  is  a  field  to  which  Barrell  unlocked  the  gate, 
if  indeed  he  may  not  be  said  to  have  discovered  it.  His  article  on 
relations  between  climate  and  terrestrial  deposits  traces  the 
complex  variations  of  temperature  and  rainfall  and  their  effects 
upon  sediments  with  such  keen  analytic  power,  such  wealth  of 
illustration,  and  such  logic  as  to  lay  firmly  the  foimdations  of 
interpretation  of  terrestrial  stratigraphy  in  terms  of  climate. 

Among  the  great  problems  of  the  past  thirty  years  in  geology 
ahd  geodesy  there  is  none  more  congenial  to  a  mind  like  Barrell  s 
than  that  of  the  strength  of  the  earth's  crust.  His  investigation 
of  the  subject  illustrates  the  conscientious  thoroughness  with 
which  he  did  his  work.  He  was  so  serious,  so  earnest  in  inves- 
tigation, that  he  could  not  leave  any  aspect  of  a  subject  imtouched. 
His  presentation  is  therefore  an  exhaustive  review,  analysis,  and 
critique  of  the  contributions  previously  made,  together  with  a 
statement  of  the  deductions  which  he'foimd  reasonable.  He 
attacked  the  complexities  of  the  subject,  not  only  as  a  geologist 
and  engineer,  but  also  as  a  mathematician.  He  did  not  hesitate 
to  enter  the  lists  against  those  who  arm  themselves  with  higher 
mathematics  and  who  seem  invulnerable  to  attack  by  geologists 
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unfamiliar  with  the  weaknesses  of  their  armor.  In  the  Strength 
of  the.EartVs  Crust  Barrell  demonstrated  the  character  and  quality 
of  his  mind.    He  was  a  great  analyst. 

It  is  of  interest  to  contrast  Barrell's  method  with  Gilbert's  in 
the  discussion  of  the  fimdamental  problems  of  isostasy.  Gilbert 
was  a  co-worker  with  Dutton  in  the  studies  that  gave  birth  to  the 
concept.  Dutton  formulated  the  idea  of  isostasy  in  1889,  ^^nd 
Gilbert  discussed  the  related  problem  of  crustal  strength  in  1896 
in  Lake  Bonneville,  the  manuscript  of  which,  so  far  as  it  touched 
this  subject,  was  \mder  consideration  in  1888  and  earlier.  Qilbert's 
last  contribution  to  the  subject  was  in  19 13.  It  is  a  brief  but 
comprehensive  interpretation  of  anomalies  of  gravity.  In  the 
interval  of  twenty-five  years  he  wrote  but  little  on  isostasy,  al- 
though he  was  associated  with  Putnam  in  the  initial  studies  of 
gravity  intensities  in  the  United  States  and  followed  Hayford's 
brilliant  work  with  constant  interest.  He  published  far  less  in 
a  quarter  of  a  century  of  investigation  than  Barrell  has  given  us  in 
one  group  of  articles.  Barrell's  analysis  covers  every  part  of  the 
subject  exhaustively,  dissociates  all  its  elements,  weighs  them, 
and  recombines  them.  It  is  the  product  of  extraordinary  industry, 
activity,  and  thoroughness.  Gilbert,  a  profound  thinker,  a 
philosopher,  awaited  patiently  the  unfolding  of  knowledge.  He 
entered  into  no  controversy.  Nothing  escaped  him,  but  he  was 
content  to  sketch  the  edifice  of  truth  in  terms  of  fimdamental 
principles.  He  anticipated  Barrell  in  conclusions  as  to  the  relative 
importance  of  rigidity  and  isostasy,' which  the  latter 's  exhaustive 
analysis  confirmed. 

A  work  comparable  in  exhaustive  treatment  with  Barrell's 
Strength  of  the  Earth^s  Crust  is  his  Rhythms  and  Geologic  Time. 
Rhythms  in  denudation  and  rhythms  in  sedimentation  are  dis- 
cussed through  sixty  pages,  emphasis  being  laid  upon  the  pulsatory 
character  of  uplifts  and  subsidences.  In  contrast  to  previous 
discussions  the  view  is  developed  that  **the  deposition  of  nearly 
all  sediments  occurs  just  below  the  local  base  level,  represented 
by  wave-base  or  river-flood  level,  and  is  dependent  on  upward 
oscillations  of  base  level  or  downward  oscillations  of  the  bottom. " 
If  this  be  so,  it  follows  that  there  are  numerous  interruptions  in  the 
process  of  sedimentation,  some  of  which  are  already  known  as 
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disconformities,  while  to  others  of  lesser  duration  in  general  Barrell 
would  apply  the  term  "diastem."  The  recognition  of  diastems 
and  disconformities  greatly  lengthens  the  estimates  of  geologic 
time  based  on  sedimentation.  This  discussion  is  followed  by  a 
review  of  all  previous  estimates  of  geologic  time,  distinguishing 
those  based  on  oceanic  salts  and  on  radioactivity.  The  latter  is 
fully  and  favorably  presented.  The  paper  closes  with  a  section 
on  the  convergence  of  evidence,  in  which  the  physical  terrestrial 
phenomena  are  compared  with  those  of  biologic  evolution  and 
stellar  evolution.  The  trend  of  the  argument  is  toward  the  accept- 
ance of  a  very  great  age  for  the  earth,  possibly  fifteen  hundred 
million  years.  But,  on  the  other  hand,  the  amount  of  solar  energy^ 
due  to  gravitational  infall  is  found  to  be  but  approximately  i  per 
cent  of  that  which  would  have  been  radiated  during  that  immense 
lapse  of  time,  and  Barrell  is  thus  led  to  consider  the  probability 
that  there  are  other  sources  of  energy  in  the  sun  than  gravitational 
condensation.  He  recognizes  that  the  great  concentrations  of 
energy  must  have  previously  been  stored,  and  concludes:  "The 
scheme  of  the  universe  is  more  profound  and  the  imknown  is  a 
little  nearer  than  it  was  recently  thought  to  be. " 

The  planetesimal  hypothesis  of  the  genesis  of  the  planets  has 
taken  a  permanent  place  among  the  foimdations  of  geologic  theory 
in  America.  Reviewing  Chamberlin's  Origin  of  the  Earth  Barrell 
wrote: 

To  gain  a  proper  appreciation  of  the  value  of  the  investigations  which 
are  condensed  in  this  volume  we  must  compare  the  present  state  of  thought 
upon  the  general  subject  with  that  of  twenty  years  ago,  before  ChamberUn 
had  begun  to  publish  upon  the  hypotheses  of  earth-genesis.  Measiued  by 
that  perspective,  this  volimie  is  seen  to  represent  an  advance  in  thought  on 
this  subject  so  great  that  the  names  of  Chamberlin  and  Moulton  must  rank 
high  among  those  scientists  who  have  dealt  constructively  with  that  vast, 
vague,  and  remote  problem,  the  origin  of  the  earth.  The  subject  of  earth- 
genesis  is  now  fairly  on  the  road  to  scientific  investigation  in  place  of  philosophic 
speculation.' 

It  was  characteristic  of  Barrell  that  he  should  translate  the 
thought  of  the  last  sentence  into  action  and  should  proceed  to 
investigate  the  subject  of  earth-genesis  by  applying  tests  to  Cham- 
berlin's  hypothesis,  or  rather  to  the  group  of  multiple  h)T>otheses, 
some  of  which  were  adopted  and  some  discarded  by  Chamberlin  in 
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Teaching  the  final,  most  reasonable,  conclusion,  as  he  saw  it. 
However,  in  judging  alternatives,  there  are  many  opportunities 
for  divergence  of  opinion,  and  among  those  which  are  offered  in 
this  particular  case  Barrell  has  seized  upon  the  one  which  is  most 
significant  in  separating  two  distinct  lines  of  geologic  inference: 
Did  the  earth  grow  up  as  a  comparatively  cold,  solid  globe,  or  did 
it  become  molten  and  cool  down  from  that  condition?  The 
question  turns  upon  the  size  of  the  planetesimals  and  their  manner 
of  infall.  We  may  best  let  Barrell  state  the  alternatives  by  quoting 
from  a  lecture  delivered  by  him  at  Yale  in  November,  1916: 

Under  the  terms  of  either  nebular  or  planetesimal  hypothesis  a  scattered 
state  of  the  planetary  material  is  implied  as  a  stage  antecedent  to  the  origin 
of  the  planets.  Was  this  growth  of  the  planets  geologically  slow  or  rapid? 
Did  it  take  tens  or  hundreds  of  millions  of  years,  or  was  it  on  the  contrary 
largely  accomplished  in  tens  or  hundreds  of  thousands  of  years  ?  Was  the 
material  largely  in  dust-like  or  molecular  form  or  was  it  to  a  large  extent  in 
nudei  of  considerable  size?  From  these  different  postulates  very  divergent 
consequences  may  be  traced  in  the  formative  stages  of  the  earth;  and  finally 
the  present  nature  of  the  earth  itself  may  speak  in  favor  of  one  or  the  other  of 
these  views. 

Chamberlin  adopts  the  hypothesis  that  the  stages  of  earth-growth  were 
very  prolonged,  even  geologically  speaking,  and  that  the  accretion  was  domi- 
nantly  of  dust-like  or  molecular  particles.  According  to  him  the  building  up  of 
the  planets  followed  three  stages:  first,  the  direct  condensation  of  the  nuclear 
knots  of  the  spirals  into  liquid  or  solid  cores;  second,  the  less  direct  collection 
of  the  outer  or  orbital  and  satellitesimal  matter;  third,  the  still  slower  gathering 
up  of  the  planetesimal  material  scattered  over  the  zone  between  adjacent 
planets.  This  third  factor  in  Chamberlin's  view  is  regarded  as  very  important, 
and  he  believes  this  diffused  matter  contributed  much  of  the  earth's  substance, 
very  slowly  and  in  dust-like  form.  This  is  one  of  the  critical  points  in  the 
details  of  the  theory  upon  which  turns  much  of  the  development  of  the  following 
argument. 

Chamberlin  conceives  the  earth  to  have  been  built  up  as  a  solid  body,  not 
to  have  been  fluid  or  viscous  at  any  time  later  than  the  early  nuckar  stage, 
and  to  have  begun  to  hold  an  ocean  by  the  time  it  contained  thirty  or  forty 
per  cent  of  the  present  mass.  Such  liquid  rock  as  was  generated  by  compres- 
sion or  radioactivity  during  earth-growth  is  regarded  as  having  been  kneaded 
and  squeezed  to  the  surface,  where  it  solidified  approximately  as  fast  as  it  was 
formed.  In  earth-growth  the  denser  planetesimal  dust,  he  argues,  tended  to 
be  somewhat  segregated  into  the  primitive  ocean  basins,  and  served  to 
maintain  in  them,  as  the  earth  was  biiilt  outward,  a  greater  density  than  in 
the  elevated  zones  between,  establishing  thus  a  relation  between  density  and 
elevation. 
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It  seems  a  debatable  question  if  such  a  laige  proportion  of  the  added  mate- 
rial  was  necessarily  dust-like  and  capable  of  being  weathered,  sorted,  and 

distributed  by  the  primitive  atmosphere  and  ocean In  fact,  from 

this  beginning  of  earth-growth  the  preponderance  of  the  evidence  appears  to 
the  writer  to  be  against  those  sub-hypotheses  which  Chamberlin  has  followed. 
This  evidence,  its  bearings,  and  conclusions  wiU  form  the  following  parts  of 
this  article.  It  will  be  of  ultimate  value  to  both  lines  of  argument  that  each 
may  be  weighed  against  the  other.  ..... 

It  appears  to  the  writer  that  the  chemical  character  of  the  igneous  rocks, 
the  limited  depth  of  density  variations  in  the  crust,  the  limited  amount  of 
salt  in  the  sea,  the  rotation  period  for  the  moon  and  planets,  all  point  to  a 

molten  condition  of  the  earth  at  the  completion  of  its  growth The 

questions  raised  by  this  conclusion  are:  What  mode  of  growth  would  have 
favored  the  molten  state  and  how  far  did  this  precede  the  beginning  of  the 
geologic  record  as  given  by  the  oldest  rocks  exposed  at  the  surface  of  the  globe  ?■ 

Barrell  then  proceeds  to  discuss  in  terms  appropriate  to  a 
lecture  rather  than  to  an  analysis,  as  the  occasion  demanded,  the 
significance  of  the  planetoids,  the  indications  of  primordial  tidal 
retardation,  and  the  deductions  which  may  be  drawn  from  the 
limited  amoimt  of  oceanic  salt  as  to  the  age  of  the  ocean.  Con* 
densed  though  it  is,  the  argiunent  is  too  long  to  be  quoted  here, 
but  the  description  of  the  early  stages  of  the  earth,  as  Barrell 
conceived  them,  sheds  light  upon  the  tendency  of  his  mental 
development: 

The  indications  of  primordial  tidal  retardation  and  the  limited  amoimt  of 
salts  in  the  sea  both  point  to  the  conclusion  that  the  earth  was  molten  at  the 
completion  of  its  growth.  The  molten  state  suggests  a  rapid  earth-growth  due 
to  an  original  clustering  of  the  matter  whose  convergence  built  up  the  planet. 
Larger  nuclei,  hundreds  of  miles  in  diameter,  and  smaller  ones  comparable  to 
the  planetoids,  moved  in  elliptic  and  nearly  intercepting  orbits.  Mutual 
perturbations  kept  modifying  these  orbits  and  providing  new  chances  for  , 
collisions,  imion,  and  growth.  Such  collisions  led  to  a  development  of  energy 
of  impact  sufficient  to  produce  in  the  growing  earth  a  molten  state  at  least  in 
the  outer  portions.  The  earth  kept  growing  at  the  same  time  by  sweeping  up 
large  quantities  of  finer  material,  but  a  molten  state  suggests  that  the  greater 
growth  was  due  to  the  infall  of  the  larger  nuclei.  Finally  but  one  outstanding 
nucleus,  the  moon,  was  left  beside  the  earth,  and  the  earth-moon  system 
attained  a  condition  of  stability  and  completed  growth. 

After  describing  the  state  of  the  molten  globe,  which  he  con- 
ceives to  have  been  surrounded  **even  in  its  molten  stage  by  an 

« The  first  of  a  group  bf  lectures  delivered  before  the  Yale  chapter  of  Sigma  Xi 
during  the  academic  year  1916-17,  entitled  "The  Evolution  of  the  Earth  and  Its 
InhabiUnts.    The  Origin  of  the  Earth,"  by  Joseph  Barrell. 
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envelope  of  water  in  the  form  of  a  deep  and  heavy  atmosphere  of 
"water  gas, "  forming  an  effective  thermal  blanket,  Barrell  continues: 

The  efiPectiveness  of  the  blanket  depended  upon  the  peculiarity  of  both 
^wrater  gas  and  carbon-dioxide  in  being  opaque  to  the  slow  vibrations  of  dark 
Heat,  absorbing  these  near  the  bottom  of  the  primitive  atmosphere  and  re- 
radiating  them  from  higher  levels  as  long,  slow  heat  waves.    Strong  convection 
ourrents  carried  up  these  heated  gases  from  the  superheated  base  to  the  higher 
levels  of  the  atmosphere.    There  the  chilling  condensed  the  water  vapor  into  a 
^hick  and  \miversal  canopy  of  cloud,  boiling  up  like  thunder  heads  from  below, 
shedding  continuously  a  downpour  of  acid  rain,  rain  dissipated  again  into 
>rapor  as  fast  as  the  drops  fell  into  the  deeper  and  hotter  strata  of  the  at- 
mosphere.   The  intensity  of  the  vertical  convection  maintained  a  high  electric 
tension.    Incessant  flashes  of  lightning  linked  as  with  living  fiery  tentacles 
the  cloudy  heavens  to  the  lurid  molten  earth.    Tremendous  reverberations  of 
thunder,  unsensed  by  mortal  ears,  shook  the  atmosphere  in  the  world-wide 

primeval  storm 

During  the  more  rapid  growth-stages  the  molecular  and  dust-like  matter 
swept  up  by  the  earth  settled  like  a  never  ceasing  cloud  of  volcanic  ash.  The 
planetesimals  of  sand  and  gravel  size  were  swept  up  by  the  earth  many  millions 
of  times  more  abundantly  than  our  meteors  at  the  present  time.  Those 
meeting  the  earth  with  the  higher  velocities  were  consumed  by  impact.  Over 
the  hemisphere  of  night  the  otherwise  invisible  atmosphere  above  the  cloud 
canopy  scintillated  with  incessant  flashes  of  light  and  trails  of  luminous  dust. 
Bodies  of  larger  size  gave  in  their  dissolution  a  still  more  brilliant  display  and 
penetrated  to  greater  depths.  At  longer  intervals,  with  Titanic  rush  and  roar, 
a  greater  projectile,  tens  or  even  himdreds  of  miles  in  diameter,  cleaved  through 
the  canopy  of  cloud,  leaving  a  tumultuous  maelstrom  behind,  drove  almost 
unchecked  through  the  dense  atmosphere  below,  and,  with  world-wide  com- 
motion, was  engulfed  with  development  of  fervid  heat,  within  the  molteA  sea. 

Only  he  who  has  a  sure  grasp  on  the  controls  can  safely  essay  a 
flight  of  the  imagination  where  the  conditions  so  surpass  all  ex- 
perience. Barrell's  earlier,  intensely  analytical  work  showed 
little  evidence  of  the  power  of  philosophic  speculation,  the  scientific 
use  of  the  imagination,  which  is  nevertheless  the  parent  of  inves- 
tigation, even  as  Chamberlin's  thought  is  the  father  of  Barrell's. 
Barrell  would  have  fallen  short  of  the  full  stature  of  the  philosopher 
if  he  had  not  developed  beyond  the  engineer.  Such  passages  as 
those  quoted  above  show  that  he  had  grown  in  imaginative  power, 
and,  being  severely  controlled  by  the  logical  habit  of  thought  of  his 
early  engineering  and  scientific  career,  he  would  have  used  that 
power  judiciously,  greatly  to  the  advantage  and  advancement  of 
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science.    His  death  has  robbed  us  at  the  moment  when  his  promise 
was  greatest. 

Barren's  work  is  not  yet  done;  his  service  to  science  and  to  his 
fellow-men  is  still  incomplete.  He  has  left  it  in  our  hands  and  in 
those  of  the  younger  generations  to  come.  His  research,  which 
he  loved,  is  to  be  carried  on.  His  example,  which  is  inspiring,  is 
to  be  followed.  We  may  well  ask,  as  suggested  by  Dr.  Branner, 
How  are  young  men  to  be  trained  up  to  become  Barrells  ?  His 
mental  qualifications  were  not  extraordinary.  His  schooling  was 
not  imusual.    Yet  he  became  a  most  imusual  man. 

The  reason  for  Barrell's  strength  can  be  expressed  in  two  words, 
thoroughness  and  breadth.  Whatever  Barrell  did  he  did  thoroughly. 
The  articles  cited  in  this  memoir  demonstrate  that  fact.  But  let 
it  be  borne  in  mind  by  any  young  man  who  would  aspire  to  be 
like  him  that  such  thoroughness  is  a  habit  of  slow  growth.  He 
who  would  possess  it  must  begin  soon  and  must  determinedly 
will  to  be  thorough.  Barrell  studied  thoroughly,  acquired  knowl- 
edge thoroughly,  so  that  he  knew  what  he  knew,  not  for  today  or 
tomorrow  only,  but  for  his  lifetime.  For  that  reason  he  was  able 
also  to  be  broad. 

Breadth  and  thoroughness  of  knowledge  are  often  considered 
incompatible,  and  it  is  true  that  thoroughness  and  specialization 
are  commonly  associated.  But  thoroughness  in  laying  foimdations 
is  the  basis  of  great  breadth  of  superstructure.  Barrell  was  thorough 
in  acquiring  the  elements  of  mathematics,  chemistry,  physics, 
geology,  meteorology,  astronomy,  and  zoology.  He  knew  well 
the  general  principles,  the  broad  facts,  the  methods  of  each  science. 
He  was  firmly  foimded  in  them.  Thus,  when  he  had  occasion  to 
study  climates  of  the  past  he  approached  them  with  an  imderstand- 
ing  of  climates  of  today.  When  he  would  discuss  the  strength 
of  the  earth  he  could  command  his  mathematics  and  mechanics. 
When  he  undertook  to  explore  the  unknown  realms  of  earth- 
genesis  he  was  equipped  with  an  understanding  of  astronomy  and 
physics  that  supplied  the  seed  from  which  to  grow  his  tree  of 
knowledge.  When  he  gave  his  imagination  flight  it  was  on  wings 
of  strength  that  it  soared,  giving  us  confidence  that  it  could  soar 
safely  and  to  great  heights,  whence  the  profound  depths  of  the 
imknown  might  be  searched.  Bailey  Willis 
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